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Based on the discovery of the only known cutin-related GDSL transacylase, 
cutin synthase (CD1), we hypothesized that cutin can also be re-modelled by 
transacylases in the same family as CD1 post-synthetically. Cutin was 
hypothesized to be transiently cut (acyl donor), and then re-form ester bonds 
with a neighbouring cutin (acyl acceptor) or a cell-wall polysaccharide (acyl 
acceptor) molecule, in order to allow cell expansion and reinforce cutin 
strength respectively. These proposed novel transacylase activities were first 
observed by in- and ex-situ radiochemical assays (i.e. endogenous cutin as 
the acyl donor; exogenous cutin fatty acid, 16-[3H]hydroxyhexadecanoic acid 
and xyloglucan oligomer, [3H]XXXGol were models for their polymers as the 
acyl acceptors) and verified by product analysis via thin-layer 
chromatography, size exclusion chromatography etc. Moreover, we 
concluded that these two reactions were catalysed by different transacylases 
based on their pH optima and responses to growth, as well as temperature 
change. To test whether CD1 was one of the enzymes involved, we 
heterologously expressed, purified and assayed it in vitro; however, it did not 
catalyse either reaction. Environmental stresses were tested for effects on 
the two transacylase activities: cutin-to-[3H]XXXGol transacylase activity was 
increased in the first 4 days at 4°C and then decreased; but the cutin-to-
[3H]HHA transacylase activity was decreased from the first day. It may 
suggest that the cutin-to-[3H]XXXGol transacylase activity was involved in 
resisting short-term cold. Light and humidity did not affect either of the 





(renamed as cutin-to-HHA and cutin-to-XGO transacylase activities) were 
found and their biological significances were studied, providing a 
breakthrough in cutin biochemistry studies.  
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III. Lay Summary 
The plant epidermis is proposed to restrain organ expansion to some extent. 
An epidermal component, cutin, is a polyester matrix made of hydroxy fatty 
acids and was hypothesized to be re-modelled to accommodate cell 
expansion.  
The first proposed re-modelling mechanism is that (1) cutin can be transiently 
broken by a novel enzyme activity, but that after incremental cell expansion, 
the enzyme will reattach the broken cutin molecule to a nearby one, so that 
the matrix becomes intact again. The second proposed mechanism is similar: 
(2) the broken cutin is ‘stitched’ onto cell wall polysaccharides by a novel 
enzyme activity, to reinforce the epidermal structure. The third proposal is 
that (3) cutin can be degraded in order to loosen the epidermal cell wall when 
cutin is not necessary (e.g. on the surface of a flower’s stigma).  
In this thesis, the first two hypothesised enzyme activities (1 and 2, termed 
transacylases) were first observed in radio-chemical assays on pea epicotyl, 
ice-plant leaf and tomato fruit as model plant organs. The reaction 
mechanisms were subsequently elucidated via analysing products 
chromatographically. By characterising the first two new cutin re-modelling 
transacylase activities (e.g. measuring their pH optima and their responses to 
stressful environmental conditions), we conclude that they are conferred by 
two separate enzymes, which were not identified in this thesis. The third 
hypothesized reaction (3) was not detected here. 
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The two (1 and 2) novel cutin re-modelling transacylase activities’ 
physiological significance was investigated. For example, the cessation of 
cell expansion at organ maturity correlated with reductions in the enzymes’ 
activities, supporting our hypothesis – that they are required during rapid 
growth, possibly involving in loosening cutin (1) and reinforcing the cuticle 
(i.e. composed of cutin, wax and cell wall polysaccharide) (2). Moreover, the 
second new enzyme activity was observed to increase during a short-term 
cold period, leading to a speculation that it can regulate cell wall pore sizes to 
prevent ice formation. This study provides a new insight into cutin 
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Chapter 1. Introduction 
1.1 General introduction 
The cuticle is a hydrophobic interface between the aerial-epidermal cells in 
all land plants and the environment (reviewed by Nawrath, 2002; Yeats et al., 
2012) (Fig. 1). It consists of cutin and wax: the former is a continuous 
polyester matrix observed microscopically (transmission electron and light 
microscopy) (Jeffree, 2006; Yeats et al., 2012) and its insolubility in neutral 
organic solvents (Kolattukudy, 1977) provides chemistry evidence for the 
polyester nature, whereas the wax is soluble in neutral organic solvents since 
it does not contain polymer (e.g. polyester), but dominated by very long 
aliphatic molecules (e.g. C29 n-alkanes in Arabidopsis stem cuticle), which 
are embedded in cutin and form crystalloids or a smooth film exterior 
(reviewed by Kunst and Samuels, 2003; Suh et al., 2005) (Fig. 1).  
Cuticle is widely accepted to be essential for preventing desiccation and UV 
damage, since it was acquired by land plants during the process of adapting 
to land atmosphere (Edwards et al., 1982; reviewed by Jeffree, 2006). Cuticle 
is found from bryophytes (e.g. phylloid of + and thallus of Marchantia 
paleacea) (Schönherr and Ziegler, 1975; Buda et al., 2013) to angiosperms 
(e.g. tomato fruit and Arabidopsis shoot) (Franke et al., 2005; Girard et al., 
2012). Consistent with the putative cuticle function, it cannot be found in 
algae (Cook and Graham, 1998), only an osmiophilic layer is plesiomorphic 
of cuticle in algae as seen under the scanning electron microscope (SEM), 
because of the high humidity and lack of UV in sea and soil. Traditionally, it 
2 
 
was widely agreed that there is no cuticle in roots of land plants (Baker et al., 
1982), only suberin because soil protects plants from desiccation and UV. 
However, a very recent study reported that a layer of cell wall modification in 
Arabidopsis root cap was observed under TEM, and it was susceptible to 
cutinase; furthermore, this modification layer cannot be observed or largely 
reduced after the cutin precursor biosynthesis genes (GPAT4 and 8) were 
knocked out (Berhin et al., 2019). Thus, this study introduced a new concept: 
cutin is not only in aerial shoot, but also very likely in root cap.  
Cutin precursors, 2-monoacylglycerols (2-MAGs), are synthesized within 
cells and then pumped out to the apoplast by ATP-binding-cassette (ABC) 
transporters (reviewed by Beisson and Ohlrogge, 2012) (Fig. 1). Cutin is 
located between wax (reviewed by Beisson and Ohlrogge, 2012) and wall 
polysaccharides (Fig. 1) and contributes 40–60% dry weight of the cuticle 
varies between species (Martin, 1964; Domínguez et al., 2008; Takahashi et 
al., 2012; Belge et al., 2014). TEM showed no clear interface between them 
(Jeffree 2006; reviewed by Fernández et al., 2016), and interfacial 













Figure 1. Localization of cutin in the cuticle (adapted from Beisson and 





intraprotoplasmically and then exported to apoplast (the black arrow indicates the 
cutin monomers’ transport pathway). The main components and bond type in each 
epidermal layer were listed. Wax and cutin constitute cuticle. b) Chemistry structure 
of the main components of each epidermal compartment. A minor component of wax, 
oligoester, was also included.  
 
Notably, besides the only known polyester, cutin, there are also oligo-esters 
found in wax, and they are the condensation products of primary alcohol and 
acyl groups (reviewed by Kunst and Samuels, 2003; Kunst and Samuels, 
2009).  For example, the major oligo-esters (C42-46) in Arabidopsis stem wax 
are produced from C16 acyl-CoA and C26-30 primary alcohols in the 
endoplasmic reticulum (ER) (Lai et al., 2007; Li et al., 2008). These oligo-
esters are also potential transacylation substrates for our proposed cutin 
transacylases (explained later), and should be carefully distinguished from 
cutin, which is a polyester. High-resolution nuclear magnitude resonance 
(NMR) studies of the intact cutin matrix also showed that free fatty acids are 
embedded in cutin (Deshmukh et al., 2003). 
Cutin is an important trait for land plants (next section), and therefore, in this 
project, cutin will be investigated for its possible re-modelling mechanisms 
which help it to keep pace (i.e. no rupture) with cell expansion during healthy 
growth and in response to environmental stresses. 
1.2 Cutin function  
Cutin begins to be set up on the epidermal cell wall at early developmental 
stages, e.g. in grape berries (Casado and Heredia, 2008) and Arabidopsis 
embryos (Molina et al., 2008), suggesting that cutin is an important trait. 
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Cutin defines organ boundaries during early embryo development (Sieber et 
al., 2000), prevents water loss and nutrient leaching (with waxes) (Schreiber, 
2005; Isaacson et al., 2009) and protects plants from harmful chemicals (e.g. 
2,4-dichlorophenoxyacetic  acid) (Kirkwood, 1999; Schönherr and Baur, 
1994), pathogens (Auyong et al., 2015), ultra-violet (UV) radiation (thanks to 
the phenolic constituents of the cuticle) (Rozema et al., 2009) and physical 
abrasion.  
However, cutin may also limit cell expansion (Hoffmann-Benning and Kende, 
1994). For example, longitudinally-sliced rapidly growing internodes of Oryza 
sativa L. (deepwater rice) with epidermis on, showed an outward bending 
due to the expansion of epidermal cells and constraining of cutin, which was 
then reduced by treatment with cutinase (cutin hydrolase) from 
Pseudomonas putida, suggesting that cutin played a role in constraining 
epidermal cell growth (Hoffmann-Benning and Kende, 1994). Other studies 
about the role of cutin in controlling growth used sunflower hypocotyls 
because of their rapid expansion. The peeled sunflower hypocotyl elongated 
in water 400–600% faster than the intact sample, and shrank 75% faster after 
addition of an osmoticum, polyethylene glycol, leading to the speculation that 
epidermis might restrain plant growth (epidermal-growth-control theory) 
(Kutschera and Niklas, 2007), Nevertheless, there is no direct in-vivo 
evidence yet.  
Based on the observations above, we proposed that cutin could be loosened 
transiently in response to growth promoters in this study. This hypothesis will 
be explained in ‘cutin rearrangement in vivo’ section.  
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1.3 Cutin chemistry 
Cutin is made of various ester-bonded monomers with an unknown 
polymerisation degree. The most common monomer in most vascular land 
plants is 10,16-dihydroxyhexadecanoic acid (diHHA) [e.g. forming 59%-84% 
in the cuticle of mature tomato fruits, Solanum lycopersicum (dicotyledon, 
vascular) (Kosma et al., 2010; Nadakuduti et al., 2010); and 69% in the 
cuticle of Citrus aurantifolia leaf (Baker and Holloway, 1970)], but only 28% in 
Sphagnum palustre (moss, non-vascular) cutin (Caldicott and Eglinton, 1976). 
Besides, 16-hydroxyhexadecanoic acid (HHA) and 18-hydroxy octadecanoic 
acid are usually the second or third most abundant monomers in tomato fruit 
cutin (Kosma et al., 2010; Nadakuduti et al., 2010). In the mostly used plant 
model, pea (Pisum sativum), the dominant cutin fatty acids are C18, 
speculated from the precursor synthesis enzymes (Li et al., 2016).   
Different from other vascular land plants, in the leaves and stems of 
Arabidopsis, the most dominant cutin fatty acid is octadecadien-1,18-dioic 
acid (Franke et al., 2005), which does not have a hydroxy group and but two 
unsaturated bonds. The Arabidopsis’s newly reported that root cap cuticle is 
also dominated by the same unsaturated fatty acid (Berhin et al., 2019).  
To a minor extent, glycerol is also a cutin building block since it occurs in 
cutin precursors, 2-MAGs (Graça et al., 2002; reviewed by Fich et al., 2016). 
Moreover, at least in tomato fruit cutin, glycerol may be also involved in 
forming other types of esters, since the glycerol molecules with two terminal 















Figure 2. Cutin precursors’s fate: intraprotoplasmic synthesis, transmembrane 
transport and extracellular polymerisation. a) A simplified summary of the 
putative mechanisms of cutin synthesis and transport pathways: common cutin 
monomer C16 and C18 fatty acids are synthesized de novo in the plastid (green oval), 
and then transported to cytoplasm, to be thio-esterified to CoA by LACS1 and 2 in 
ER (pink oval). Further modification of the fatty acids is catalysed by a group of 
P450 enzymes, followed by transfer of the acyl group by GPATs to G3P, resulting in 
formation of the cutin precursors, 2-MAGs in ER. These precursors are then 
transferred to apoplast via ABC transporters, and then polymerised to cutin by CD1. 
All the enzymes involved in are bold. * The size-ratio of plastid and ER does not 
refer to the real one. b) Biosynthetic reactions of 2-MAG species from C16 and C18 
fatty acids. c) Biosynthetic reactions of cutin phenolics (e.g ferulic acid) precursor. d) 
Mechanism of cutin biosynthesis (Yeats et al., 2012).  
 
Phenolics, such as p-coumaric acid and ferulic acid, in a minor amount were 
also reported in tomato fruit and Arabidopsis leaf cutin (Hunt and Baker, 1980; 
Rautengarten et al., 2012; reviewed by Fich et al., 2016), and since they 
were very difficult to be extracted from cutin by mild alkaline hydrolysis, 
covalent bonds might be formed between them and cutin (Riley and 
Kolattukudy, 1975). A more recent study provided more evidence for the 
existence of cutin–phenolics covalent bonds: a cytosolic protein discovered in 
Arabidopsis aerial organ epidermal cells, deficient in cutin ferulate (DCF) 
transfers feruloyl residues from feruloyl-CoA to the −OH group of 16-




16-feruroyl-hexadecanoic acid) in vitro (Rautengarten et al., 2012). Another 
acyl donor, p-coumaroyl-CoA was also found, but with a smaller activity 
(Rautengarten et al., 2012). The cellular localisation of DCF (cytosol) 
(Rautengarten et al., 2012) also suggested that the phenolic–fatty acid 
conjugate was formed before export to the apoplast.  
By deleting a monooxygenase gene which involves in angiosperm’s lignin 
biosynthesis, the cutin biosynthesis in Physcomitrella patens (moss) was 
impaired. Previous chemical analysis results suggest that cutin in moss is 
reminiscent of angiosperm’s suberin (reviewed by Bession et al., 2012), 
whereas functionally similar to lignin. These cross-talks between cutin, 
suberin and lignin may suggest that they share the same ancestral origin 
(Renault et al., 2017).  
Cutin components are also modified with evolution. For example, in non-
vascular (e.g. mosses) and seedless vascular land plants (e.g. ferns), cutin 
monomers are usually dominated by HHA, instead of diHHA (Goñi and 
Hedges, 1990). Besides, the ratio of C14 fatty acid to C16 is much higher in 
early-diverging than later-diverging land plants (Goñi and Hedges, 1990). For 
example, there are no C14 fatty acid residues in tomato fruit cutin (Kosma et 
al., 2010; Nadakuduti et al., 2010), but 5-hydroxytetradecane dioic acid (C14) 
is 130% of total C16 fatty acids in P. patens cutin (Buda et al., 2013). 
Moreover, the total C18 fatty acid amount is less in monocotyledon and 
gymnosperms generally (Hunneman and Eglinton, 1972; Goñi and Hedges, 
1990). These data all suggest that the cutin fatty acid chain lengths increases 
with evolution.  
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In summary, cutin fatty acids might have elongated during evolution (i.e. from 
C14 to C18), and more branching fatty acids were acquired by later-diverging 
land plants with unknown reason (reviewed by Fich et al., 2016).  
1.4 Cutin precursor biosynthesis and the transport 
1.4.1 Intraprotoplasmic biosynthesis and transport 
It has been proposed that cutin’s major building blocks, C16 and C18 fatty 
acids, are synthesized in plastids de novo via relying on acyl carrier protein 
etc. (reviewed by Li-Beisson et al., 2010), and then released from the plastids 
and esterified to CoA to form acyl-CoAs (e.g. C16:0 acyl-CoA), mainly by long-
chain acyl-CoA synthetase 1 and (LACS 1 and 2) in the ER (Schnurr et al., 
2004; Lü et al., 2009; reviewed by Fich et al., 2016), followed by 
hydroxylation or epoxidation by various cytochrome P450 enzymes, such as 
CYP86A2 catalysing -hydroxylation (Xiao et al., 2004), CYP77A6 catalysing 
midchain hydroxylation (Li-Beission et al., 2009) and CYP77A4 catalysing 
epoxidation (Sauveplane et al., 2008) (Fig. 2).  
The products (e.g. C16:0 dihydroxyhexadecanoyl-CoA) act as acyl donors 
because the CoA-attached acyl group was activated, and therefore the fatty 
acid part (with an activated acyl group) is then transferred to the sn-2 position 
(the middle −OH) of a glycerol-3-phosphate (G3P) molecule (acyl acceptor), 
catalysed by ER-localised G3P acyltransferases, GPAT4, 6, and 8 targeting 
different acyl-CoA species in Arabidopsis (Yang et al., 2010; reviewed by 
Chen et al., 2011 and Fich et al., 2016).  
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These three GPATs are distinct from other members of the land plant GPAT 
superfamily, since they are bifunctional: first transferring acyl groups to 
glycerol molecules at sn-2; second removing the phosphorylation at sn-3 
(Yang et al., 2010; Yang et al., 2012) (Fig. 2). The final products are 2-MAGs 
in vitro (Yang et al., 2010), putative cutin precursors ready to be exported to 
apoplast. Another difference between these three GPATs and others is that 
only they were found in early non-vascular land plant (bryophyte), whereas 
other phosphatase-minus (only transacylation, no dephosphorylation activity) 
clades such as GPAT5 were only found in vascular land plants, providing 
another evidence that cutin, at least cuticle is essential for land atmosphere 
adaptation (Yang et al., 2012). Consistent with the suggested physiological 
function (cutin precursor’s synthesis) of these three GPATs, transcriptome 
studies showed that they are up-regulated in epidermal cells of Arabidopsis 
shoot (Suh et al., 2005).  
In summary, cutin fatty acids were first synthesized in plastids, and then 
transferred to ER for modifications, which eventually form the cutin 
precursors, 2-MAGs (Fig. 2). 
Physiological evidence of demonstrating that the three GPATs are essential 
for cutin formation came from the observations that double knockout 
gpat4/gpat8 Arabidopsis produced much less cutin in stems and leaves than 
wildtype (WT) (Li et al., 2007), and that a gpat6 knockout showed much less 
cutin in sepals and petals than WT (Li-Bession et al., 2009). A substrate 
specificity study showed that GPAT4 and 8 prefers C18 acyl-CoAs over C16 
ones in vitro, especially C18:2 dicarboxylic acid-CoA (Yang et al., 2007), which 
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is the precursor for the dominant cutin fatty acid monomer in Arabidopsis 
stem and leaves (Franke et al., 2005). However, GPAT6 catalyses the 
transacylation reaction of 10,16-dihydroxyhexadecanoyl-CoA in vitro, which 
is the dominant precursor of cutin in Arabidopsis flower (Petit et al., 2016). In 
addition to the in-vitro activities, this correlation between the mutations and 
phenotypes provides another line of evidence that GPAT4, 6 and 8 produce 
the relevant cutin precursors, which are 2-MAGs.  
2-MAGs were detected by electron ionization mass spectroscopy (EIMS) 
from various plant cutins (Graça et al., 2002), but not in cuticular wax (Li et 
al., 2007), indicating that 2-MAGs are specific to cutin.  
In summary, the cutin precursors, 2-MAGs, are synthesized from acyl-CoA 
and G3P intraprotoplasmically, catalysed by GPAT4, 6 or 8 depends upon 
the acyl-CoA species. 
1.4.2 Transmembrane transport  
ABC transporters have been widely suggested to play a role in transporting 
cutin precursors, based on biochemistry and plant physiology studies (Fig. 2). 
For example, cutin deposition in Arabidopsis flowers was reduced to half of 
the WT in a knockout of abcg13 gene (expressing a half-sized ABC 
transporter) mutant, and sepal-to-sepal fusions were observed (Panikashvili 
et al., 2011, reviewed by Fich et al., 2016). Similar morphology was also 
observed in abcg11 (a mutant gene encoding another half-sized ABC 
transporter) knockout Arabidopsis mutant (Bird et al., 2007). 
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The transport mechanism of cutin precursor through cell wall is more 
mysterious than the one from cytoplasm to apoplast, because its 
hydrophobicity and cell wall’s hydrophilicity repel each other naturally. 
Glycosylphosphatidylinositol-anchored lipid transfer proteins (LTPs) have 
been suggested to facilitate extra protoplasmic transport of cuticle lipids 
(Yeats and Rose, 2008). However, cutin chemistry analysis of ltpg1 and ltpg2 
knockout Arabidopsis mutants showed no significant change in either cutin 
composition or quantity (Lee et al., 2009, Kim et al., 2012). More candidate 
extracellular proteins are required to be screened.  Another question is how 
these precursors are polymerised to cutin chains; the mechanism will be 
introduced later in the ‘cutin polymer biosynthesis’ section.   
1.5 Cutin structure 
Cutin structure is proposed to depend upon its monomers and physiological 
processes in the plant (e.g. rapid growth, ripening etc.) (reviewed by Fich et 
al., 2016).  
In tomato fruit cutin (diHHA is the dominant cutin monomer), most of the 
primary hydroxy groups are involved in polymerization, whereas only about 
40% of the secondary hydroxy groups are esterified (i.e. involved in 
branching), based on experiments distinguishing free hydroxy groups from 
esterified ones in intact cutin, via oxidizing free secondary −OH groups or 
mesylating all free −OH groups, coupled with depolymerisation and chemical 
analysis (Deas and Holloway, 1976; Kolattukudy, 1977).  
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An alternative method to study cutin structure is depolymerising cutin partially, 
via either enzymes (e.g. cutinase from Fusarium solani) or chemicals (e.g. 
low-temperature hydrofluoric acid); and surprisingly, the products from lime 
fruit cutin were mainly oligo-esters formed from diHHA molecules esterified at 
the mid-chain −OH groups (Fang et al., 2001). Similar results were also 
observed in tomato fruit cutin (Graça and Lamosa, 2010), contradicting to the 
results obtained by chemical marking methods above. This discrepancy 
might be because esters of secondary alcohols are more difficult to hydrolyse 
than primary (Fang et al., 2001; Deshmukh et al., 2003). As a comparison, 
there is no mid-chain ester found in Hedera helix leaf cutin, since no 
secondary −OH groups were found (Graça and Lamosa, 2010). In summary, 
these three findings suggested the existence of branched esters in cutin and 
the effect of cutin composition on its structure (Fang et al., 2001).    
Arabidopsis cutin structure has not been studied yet, maybe because the 
cutin layer is very thin (Girard et al., 2012). As I have stated above, the 
abundant dicarboxylic acid (octadecadien-1,18-dioic acid, Franke et al., 2005) 
in Arabidopsis stem and leaves might act as a ‘bridge’, which forms ester 
bonds with hydroxy groups of two other hydroxy fatty acids, resulting in 
forming a cross-linking cutin matrix (Fig. 3).  
15 
 
Figure 3. A proposed general cutin matrix pattern. Yellow triangle (   ) represents 
–COOH groups (free or engaged in ester bonds). Black half frame (   ) represents –
OH groups (free or in engaged in ester bonds). A thick black line (     ) represents C-
C bonds. Di-hydroxy fatty acid [e.g. 10,16-dihydroxyhexadecanoic acid (di-HHA)] 
can be esterified via either the ω–OH group or the mid-chain –OH group; mono-
hydroxy fatty acid [e.g. 16-hydroxyhexadecanoic acid (HHA)] can be esterified only 
via the ω–OH group. A dicarboxylic acid (e.g. octadecadien-1, 18-dioic acid) can 
potentially cross-link two neighbouring cutin molecules. 
 
1.6 Cutin polymer biosynthesis 
1.6.1 Cutin synthase, CD1 activity 
An extracellular GDSL (a big family of enzymes containing a relatively 
conserved Gly-Asp-Ser-Leu consensus, the Leu can be substituted by Val for 
example) transacylase (40 kDa), exclusively located in cuticle layer of tomato 
fruit (immunolocalization), named cutin deficient 1 (CD1) (Yeats et al., 2012).  
It has been identified to be responsible for linearly polymerizing cutin via 
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transacylation of 2-mono(10,16- dihydroxyhexadecanoyl)glycerol (2-MHG) [a 
2-MAG ester species] to another 2-MHG molecule or to a nascent cutin chain 
in vitro (Eq.1) (Yeats et al., 2012; Yeats et al., 2014). This reaction can be 
repeated to build up a (longer) cutin chain. This enzyme was identified in 
tomato (S. lycopersicum, cv. M82) fruit epidermis (Yeats et al., 2012), and 
more details will be introduced later.         
                                                             CD1 
acyl–glycerol + R–OH ↔ acyl–R + glycerol    Eq. 1 
[acyl-glycerol: 2-MAG species, the acyl donor; R–OH: 2-MAG molecule or cutin chain, the 
acyl acceptor (R = e.g. 2-mono(hydroxy-C16 and/or C18)n–glycerol)] 
 
In-planta evidence showed that CD1 is also able to catalyse a transacylation 
reaction involving the secondary –OH group of diHHA in tomato fruit 
epidermis, as shown by attenuated total reflection–Fourier transforming infra-
red (ATR-FTIR) microscopy to measure non-esterified –OH groups in wild-
type and cd1 knock-down tomato fruit, in which the cd1 mutants showed 
significantly reduced secondary –OH esterification (Philippe et al., 2016). 
However, this research also showed that more primary –OH groups were 
esterified in mutants than in the WT, suggesting that another CD1-like 
transacylase compensated for the mutation, and CD1 predominantly 
catalyses the esterification of secondary –OH groups rather than primary 
ones, which was not observed in vitro (Yeats et al., 2014). These two 
inconsistent results may indicate that CD1 functions differently according to 
environment hydrophobicity (more hydrophobic in planta).  
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Null cd1 mutant mature (MG) green tomato fruit showed a >95% lower cutin 
load than the WT but recovered partially after re-introduction of a functional 
CD1-encoding sequence (Yeats et al., 2012). Girard et al. (2012) silenced the 
expression of CD1 by RNAi, also resulting in cutin load reduction in developing 
tomato fruits (cv. Ailsa Craig). An accumulation of 2-MHG was detected by 
GC-MS in cd1 mutants during the stage at which CD1 was highly expressed, 
but not in the WT. The accumulation of substrate in the absence of the 
corresponding enzyme provides additional convincing evidence for the newly 
discovered CD1 activity (Yeats et al., 2012). Quantitative reverse transcription-
polymerase chain reaction (qRT-PCR) and protein immunoblotting consistently 
showed that CD1 transcript and protein load are highest at the rapidly 
expanding stage of tomato fruit (small green fruit) (Yeats et al., 2012).   In 
addition, the young leaf also expresses the second-highest amount of CD1 in 
the whole plants (Yeats et al., 2012), suggesting that CD1 is universal in the 
whole plant and required during plant growth. 
A phylogenetic study of CD1 orthologues revealed that pPCUS1 (a CD1 
orthologue in the moss P. patens) can also function as a transacylase by using 
2-MHG as the substrate, but 14 times slower than CD1 and around 8 times 
slower than AtCUS1 (a CD1 orthologue in Arabidopsis thaliana flower) (Yeats 
et al., 2014). This result may provide a hint for substrate specificity, since both 
tomato fruit and Arabidopsis flower cutin is naturally dominated by diHHA, 
whereas P. patens cutin is dominated by 5-hydroxytetradecane dioic acid 
(Buda et al., 2013). Enzymic products were quantified and characterised by 
GC-MS, which showed that hydrolytic activity (acyl donor: 2MHG, acyl 
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acceptor: water, product: diHHA) of these three enzymes was lower than their 
transacylase activity, especially for CD1, only 4% product attributed to 
hydrolysis (AtCUS1: 22%, PpCUS1: 13%) (Yeats et al., 2014).  
CD1 was found to share the same transcription factor, SHINE3, with CYP86As 
which are reported to be involved in cutin precursor intraprotoplasmic 
biosynthesis as stated above, suggesting that cutin polymer and precursor 
biosynthesis are co-regulated (Shi et al., 2013).  
However, some questions remained to be answered: (1) whether there is any 
hydrolytic activity of CD1 in planta, (2) whether CD1 can also use other 
substrates for transacylation, besides 2-MHG, (3) whether any CD1 
paralogues have the same or similar function, but are responsible of 
incorporating other cutin monomers, and/or re-modelling cutin. Investigating 
the question (2) and (3) will be the main tasks in this project.  
Yeats et al. (2010) showed that GDSL family proteins (e.g. Unigene no: SGN-
U583101 and SGN-U585129) are expressed higher in epidermis than in 
underlying collenchyma, and one gene (Unigene no: SGN-U583101) was 
specifically expressed in small green tomato fruit, consistent with the discovery 
of CD1 (Yeats et al., 2012). Another independent research group found that a 
cluster of GDSL family enzyme transcripts are localized in outer epidermis of 
rapid growing tomato (cv. Ailsa Craig) almost exclusively (Matas et al., 2011). 
These findings provide a hint for answering question (3) above: a group of 
GDSL enzymes genes were co-expressed with CD1 at the same location and 
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time, and they may use diverse substrates besides 2-MHG to construct and re-
model cutin.  
Based on these discoveries, we proposed in-situ and ex-situ experiments to 
find out if CD1 and/or other transacylases can use cutins (acyl-R in Eq. 1) 
instead of 2-MHG as acyl donors, capable of transferring fatty acyl groups to 
acceptor molecules (R–OH in Eq.1; and Table 1); and if exogenous glycerol 
(as a cutin component and a product in Eq. 1) (Fang et al., 2001; reviewed by 
Fich et al., 2016) can be acyl acceptor in the cutin polymerization reactions, 
and therefore reverse the cutin polymerisation reaction (Table 1).  
A hint of that CD1 may be able to use glycerol as a substrate is from Philippe 
et al. (2016), especially they detected that the accumulation of free glycerol in 
the cutin of cd1 knockdown tomato fruit. The ratio between non-esterified 
glycerol at sn-1,3 and sn-2 was not altered by mutation (non-esterified sn-2 
was always lower than sn-1,3), suggesting that CD1 can transfer acyl groups 
to all the hydroxy groups of glycerol molecules (acyl acceptor), but preferably 
to the sn-2.  
Table 1. Potential acyl donors and acceptors in cutin transacylation reactions. 
Acyl donors Acyl acceptors 
2-mono(10,16-
dihydroxyhexadecanoyl)glycerol      
and other MAGs 
2-mono(10,16-
dihydroxyhexadecanoyl)glycerol       
and other MAGs 
* Cutin chains (cutin fatty acid 
residues) 
Cutin chains and cutin fatty acids (e.g. 
HHA) 
 * Glycerol 





1.6.2 CD1 and other GDSLs biochemistry background 
The GDSL family is widespread in all kingdoms of life (Akoh et al., 2004; 
Yeats et al., 2012). GDSL is a consensus near the N-terminus, and itself is 
not an absolutely conserved consecutive sequence, because the L can be 
substituted by threonine (T), tyrosine (Y) or isoleucine (I) (Akoh et al., 2004). 
Proteins in this family usually have a conserved catalytic serine (Ser, the ‘S’ 
of GDSL) as a nucleophile near the N-terminus, together with a conserved 
aspartic acid (Asp, different from the ‘D’ in GDSL) and a histidine (His) near 
the C-terminus to form the catalytic triad; and with a conserved glycine (Gly, 
different from the ‘G’ in GDSL) and an Asn to constitute the oxyanion hole (a 
pocket in the active site which uses backbone NH groups to stabilize C=O 
groups of ester substrates in transition states) (Akoh et al., 2004; Simón and 
Goodman, 2010).  
CD1 (SlCUS1; Uniprot: G1DEX3) polypeptide sequence was aligned with 
selected GDSL enzymes from phylogenetically distant organisms, such as E. 
coli (TEP-I; Uniprot: P0ADA2), A. thaliana (Atg33370; Uniprot: Q8LB81), 
Homo sapiens (acyloxyacyl hydrolase; Uniprot: P28039), and showing that it 
is a classic GDSL enzyme because it contains a GDSL consecutive 
consensus near N-terminus as others, and its sequence close to C-terminus 
is similar to other GDSL enzymes to some extent (Fig. 4).  




Figure 4. Comparison of polypeptide sequences between CD1 (SlCUS1) and 
other GDSLs in phylogenetically distant organisms. G1DEX3: SlCUS1 (CD1 in 
tomato fruit); P28039: an annotated acyloxyacyl hydrolase in Homo sapiens; 
Q8LB81: a CD1 orthologue (Atg33370) in A. thaliana; P0ADA2: a GDSL enzyme 
(TEP-I) in E. coli. This comparison was undertaken via T-coffee server 
(http://tcoffee.crg.cat/apps/tcoffee/do:regular). The black squares indicated by a 




The induced-fit catalytic mechanism can allow a single enzyme to utilise 
various substrates and thus to have diverse activities, thereby increasing the 
GDSL enzymes’ versatility (e.g. the TEP-I protein from E. coli is multi-
functional as protease and thioesterase etc.) (Akoh et al., 2004). The 
structural background of CD1 requires investigations, but we proposed that 
CD1’s active site also undergoes induced-fit changes (promiscuity) to enable 
the binding of bulky molecules based on the hypothesis of that CD1 also 
uses cutin as the acyl donor (Table 1). Also, the Ser residue at the catalytic 
triad forms ester bond with the carboxy groups in esters (Akoh et al., 2004), 
enabling CD1 to specifically use esters (probably regardless of size) as the 
substrates as we proposed (Fig. 5).   
 
Figure 5. The proposed CD1 transacylase activity (e.g. cutin-to-cutin 
transacylation) mechanism. Cutin chain is proposed to be transiently cut by a 
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GDSL transacylase (Gly-Asp-Ser-Leu transacylase) during cell expansion, producing 
an acyl donor and an acyl acceptor. The acyl donor is produced because the carboxy 
terminus is ester-bonded with the hydroxy group of serine (not shown) at the 
catalytic triad, whereas the acyl acceptor does not contain the activated acyl group, 
only a hydroxy terminus. After incremental expansion ceases, the transacylase-
bonded cutin molecule is then transacylated onto a nearby (the original or another) 
one with a hydroxy terminus (acyl acceptor) or secondary hydroxy groups, resulting 
in an intact cutin molecule again and the released transacylase is available for the 
next cycle.  
 
Only a few GDSLs’ functions in plants are understood (Akoh et al., 2004). In 
addition to the cutin synthase CD1, some GDSLs (xenobiotic-hydrolysing 
carboxyesterases) can metabolize herbicide esters (Gershater et al., 2006). 
For example, one of the apoplastic GDSL hydrolase in black-grass 
(Alopecurus myosuroides) was identified to hydrolyse 
aryloxyphenoxypropionate (AOPP) graminicides, and in turn activate it 
(Cummins and Edwards, 2004).  
Different from the expectation, although CD1 has diverse proposed 
substrates (Table 1), transacylation is its only known function, since cutin 
hydrolysis activity is almost negligible in vitro (Yeats et al., 2014). When a 
GDSL enzyme is working as a transacylase (e.g. CD1), the acyl-Ser bonds 
formed from the donor substrate (ester/peptide/thioester) will be attacked by 
an alcohol (or amine/thiol), resulting in a new ester or peptide bond. 
1.7 Cutin re-modelling in vivo  
As being stated above, cutin appears to play a role in constraining epidermal 
cell growth (Hoffmann-Benning and Kende, 1994), suggesting that cutin may 
be a net-like molecule that covers cells. Since cutin is an important barrier to 
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prevent plants from environmental damages as stated in ‘Cutin Function’ 
section, and therefore its intact during cells expansion without rupturing is 
important. The putative strategies are either biosynthesis or re-modelling, a 
synergy of both is also very likely.  
In sweet cherries (Prunus avium), the cutin load per fruit increased 115% 
throughout the expansion (measured at 85 days after full blossom, fully 
expanded compared with small fruit at 22 days after full blossom). In this 
case, cutin biosynthesis was used to accommodate cell expansion. From a 
biomechanical angle, the viscoelastic property of cutin is suggested to 
contribute in allowing medium-sized tomato fruit enlargement (España et al., 
2014).  
However, the surface area of the sweet cherries increased 311% in the 
meantime, resulting in the cutin load per cm2 decreasing 63% (Peschel et al., 
2007). The slow biosynthesis compared with the fast expansion might 
suggest that it may not the only strategy, other mechanisms, e.g. loosening 
of the existing cutin may be also involved in, as it is widely reported in 
another epidermal layer, cell wall (e.g. Fry et al., 2012). From another 
perspective, the thin cutin may require mechanical support before ripening, 
and therefore a reinforcement reaction cannot be excluded.  
These two hypotheses were not proved yet and will be deeply investigated in 




1.7.1 Post-synthetical loosening (hypothesis: cutin can be the acyl donor; 
hydroxy fatty acid, glycerol or water can be acyl acceptors)  
Polysaccharide networks in plant cell walls are believed to be reversibly 
loosened by transglycanases to allow cell expansion (reviewed by Cosgrove 
2005; Franková and Fry 2013). Similarly, cutin as a net-like polymer outside 
the cell wall may also need to be reversibly loosened to enable growth 
without cutin rupture. 
CD1 and/or other unknown cutin transacylase(s) were proposed by us to cut 
cutin chains transiently via transacylation. After incremental cell expansion, 
the broken cutin chain may be re-linked to another cutin chain. This 
behaviour would resemble that of xyloglucan (an abundant polysaccharide 
component of primary cell walls) in reactions catalysed by xyloglucan 
endotransglucosylase (XET) activity (Fig. 6) (Thompson and Fry, 2001). Our 
lab has studied XET very intensively, so we are curious if any transacylase in 
cuticle and XET in cell wall work in parallel during cell expansion.  
Figure 6. Xyloglucan 
endotransglucosylase (XET) action 
in vivo. Microfibrils (cellulose) are 
proposed to be tethered by 
xyloglucan. To allow cell expansion, 
polysaccharides need to be loosened 
transiently (e.g. cut by XET action). 
After incremental expansion, the 
broken xyloglucan will be re-linked 
to another (newly synthesised or pre-





We also proposed that free glycerol may be able to loosen cutin in the 
presence of CD1 as at high levels it can theoretically drive the reverse 
reaction of Eq.1 (i.e. an ‘idling’ reaction), though glycerol may have versatile 
functions in vivo. For example, it has been suggested that one glycerol 
molecule may can be esterified with multiple cutin hydroxy-fatty acid chains, 
and hydrogen bonds between the attached fatty acids can tighten cutin 
(Graça et al., 2002). The mysterious effects of glycerol led us to explore if the 
exogenous glycerol can influence cutin structure in vivo.  
Another important mechanism of loosening cutin is hydrolysis, despite that it 
will not be studied in this project. Hydrolysis mechanism uses water as the 
acyl acceptor instead of a hydroxy fatty acid or glycerol. This mechanism is 
essential when cutin is unnecessary, such as the one on stigma is 
hydrolysed by pollen secreted cutinase (Shayk and Kolattukudy, 1977). 
Another example is in fruit: a significant decrease of cutin esterification index 
in fully ripened tomato fruit than small green stages was observed (España et 
al., 2014).  
1.7.2 Post-synthetical mechanical reinforcement (hypothesis: 
polysaccharides can be the acyl acceptors)  
Cutin is located next to polysaccharides in cell walls, as shown by 
immunolocalization (Jeffree 2006; Segado et al., 2016; Mazurek et al., 2017) 
and co-extraction of cutin and polysaccharide components (Fang et al.,2001), 
suggesting a potential interaction between cutin and wall polysaccharides 
(e.g. pectin) (Fang et al.,2001; reviewed by Fich et al., 2016).   
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Polysaccharides have been suggested to provide mechanical support to the 
cuticle by stiffening it and contributing to elasticity (López-Casado et al., 2007; 
Takahashi et al., 2012; España et al., 2014). Moreover, the 
cutin:polysaccharides ratio may determine the stress (turgor pressure) 
required for tomato fruit expansion (Peschel et al., 2007). 
Wall polysaccharides are diverse: some are composed of monomers 
dominated by hydroxy groups (Fig. 5a: e.g. cellulosic glucose and 
hemicellulosic xylose) and some have both carboxy and hydroxy groups (Fig. 
5b: e.g. pectic galacturonic acid). There are two possible mechanisms of 
polysaccharide–cutin cross-linking: (1) cutin elongation starts at the cross-
linking point [i.e. esterified hydroxy fatty acid –COOH groups (acyl donor) are 
transacylated to polysaccharide –OH groups (acyl acceptor)] (Fig. 7a); (2) 
cross-linking terminates cutin elongation [i.e. pectin’s methyl esterified 
carboxy groups (–COOCH3, acyl donor) are transacylated to a hydroxy-fatty 
acid’s –OH group(s) (acyl acceptor)] (Fig. 7b).  
We proposed the later mechanism because the galacturonic acid with an 
active –COOH (esterified with methanol) is completely different from the CD1 
acyl donor, 2-MHG, and therefore CD1 may cannot use pectin as an acyl 
donor. Despite that plant has pectin methylesterases (PMEs) to assist pectin 
loosening in response to fruit ripening (reviewed by Brummell and Harpster, 
2001) via transferring the acyl group at C-6 to water, this enzyme is not in the 
GDSL family as CD1 is, and therefore the PMEs are not expected to transfer 
pectin to cutin. However, the –OH groups of galacturonic acid and any other 
sugar residue may act as acyl acceptor since GDSL-type transacylases may 
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not have strict acceptor substrate specificity (i.e. diverse acceptors: 2-MHG, 
cutin, H2O etc.).  
In reality, only small numbers of cutin and polysaccharide monomer residues 
may be cross-linked via covalent bonds (i.e. ester bonds and/or ether bonds 
etc.) (reviewed by Fich et al., 2016), which are thus difficult to test for. 
Figure 7. Proposed linking patterns of cutin and polysaccharides. Two possible 
cutin-polysaccharide cross-linking mechanisms: (a) cutin carboxy group (    ) is the 
acyl donor, polysaccharide hydroxy group (    ) is the acceptor, cutin hydroxy groups 
are represented in (    ); (b) polysaccharide carboxy group (    ) is the acyl donor, 
cutin hydroxy group (   ) is the acceptor. Thick black lines (    ) represent the 
backbone of a cutin fatty acid. Blue hexagons (     ) represent polysaccharide building 
blocks. Thin black lines (   ) represent the C–C bonds with in a cutin fatty acid 
molecule. Brown lines (    ) represent glycosidic bonds between polysaccharide 
building blocks. Chemical structure of examples of (a) polysaccharide acyl donor 




1.8 Studying models 
Tomato (Solanum lycopersicum) is an emerging model in which to study 
cutin because its fruit cuticle is thick and the major building blocks are 10,16-
dihydroxyhexadecanoic acid as in most other plants (Girard et al., 2012). In 
contrast, the traditional genetic model, Arabidopsis, has thin cuticles which 
are hard to isolate, and the dominant cutin components in leaves and stems 
are atypical (unsaturated dicarboxylic acids) (Franke et al., 2005).  
My experiments focused on tomato fruit and two other easily-peeled models: 
Hylotelephium spectabile (ice plant) leaves and Pisum sativum (pea) epicotyl.  
1.9 Main goals of the thesis 
1. Test and validate cutin re-modelling transacylase activity: enzyme activity 
will be assayed with cutin (from all the three plants) as acyl donor, and a 
portfolio of radio-labelled fatty acids and mono-/oligo-/poly-saccharides as 
acyl acceptors in situ (with endogenous enzymes) and ex situ (with crude 
enzyme extract). Assay conditions will be optimized and any enzymic 
products will be analysed. 
2. Test factors that affect the discovered transacylase activities, e.g. 
environmental stresses (humidity, temperature and light) and age in situ and 
ex situ. 
3. Identify novel activities of CD1: CD1 will be heterologously produced and 












All the chemicals used for this research were mainly obtained from Sigma 
(St. Louis, USA), Fisher (Hampton, USA), VWR (Radnor, USA), New 
England Biolabs (Ipswich, USA), Thermo Scientific (Waltham, USA), Merck 
(Kenilworth, USA) and Bio-Rad (Hercules, USA).  
2.1.2 Plant material 
Hylotelephium spectabile (Sedum; ice plant) was kindly donated by Prof. 
Stephen Fry (University of Edinburgh, UK); Pisum sativum (pea; cv. meteor) 
and Solanum lycopersicum (tomato, cv. Alisa Craig) were commercially 
available. Tomato (cv. M82) was kindly donated by Prof. J.K.C. Rose (Cornell 
University, USA). These three species were used as sources of epidermis 
and transacylases. Ice plant and tomatoes were grown in greenhouse with 16 
hours light (21°C) and 8 hours dark (18°C). Peas were grown with or without 
(covered in aluminium foil) light for 4–10 days at different temperatures, 






2.1.3 Enzyme assay buffers 
All the buffers used in enzyme assays are shown in Table 2. 





3.5 25 mM Formate (Na+) 
 







4.5 25 mM Acetate (Na+) 
5.5-6.5 25 mM Succinate (Na+) 
6.5 
25 mM Phosphate (Na+) or 40 
mM lutidine (acetate) 
7.5 25 mM Tris(Cl-) 
5.5 350 mM Succinate (Na+) 
1% Triton-X100 
(v/v), 10 mM 
















7.5 50 mM Collidine (acetate)  
Lipase (from 
Aspergillus niger) 











* For example, “25 mM Formate (Na+)” implies “25 mM formic acid, adjusted to pH 





2.1.4 Radioactive materials 
All the radioactive substrates used for enzyme assays are shown in Table 3. 
Table 3. Details of radioactive substrates 










Purchased from American 
Radiolabeled Chemicals, Inc. (St. 
Louis, USA) 
Glycerol [14C]Glycerol 
Purchased from American 
























2.1.5 Enzymes for transacylase product identification 
Proteinase K (from Tritirachium album), lipase (from Aspergillus niger), 
Driselase (from Basidiomycetes) were obtained from Sigma. Xyloglucan-
specific endo-β-1,4-glucanase (XEG) was obtained from Novo Nordisk 
(Bagsværd, Denmark).  
Pichia pastoris (strain SB), which produced the recombinant Aspergillus 
nidulans cutinase (AN7541.2), was obtained from Fungal Genetics Stock 
Center (FGSC, US). Cultivation and induction media recipes were obtained 
from Bauer et al. (2006) (Appendix 1).  
2.1.6 Chromatography techniques for qualitative analysis 
Diverse chromatography techniques were used in this thesis to identify fatty 
acids, oligosaccharides and proteins. Their details are described in Table 4 
below.  








Bottom to top 
(ascent) 




Top to bottom 
(descent) 
● Molecular weight 
● Polarity 
Paper electrophoresis (PE) 




Size-exclusion column Alone gravity Molecular weight 
SDS-PAGE Cathode to anode Charge-to-mass ratio 
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2.2 Gene (CD1) cloning 
2.2.1 Chemicals 
All the chemicals used for this research were of molecular biology grade 
obtained from New England Biolabs (Ipswich, USA), Thermo Scientific 
(Waltham, USA), Qiagen (Hilden, Germany), Sigma (St. Louis, USA) and 
Invitrogen (Carlsbad, USA).  
2.2.2 Home-made buffers  
Commercial buffers are not listed; all the home-made buffers are listed in 
Table 5. 
Table 5. Details of home-made buffer for CD1 cloning and expression 
pH Ingredients Function 
9.5 
10X extraction buffer: 1 M glycine (Na+), 
100 mM EDTA, 




2% v/v 0.5 M filter-sterilized MES pH 5.6, 0.05% 











pEAQ-HT plasmid and the construct pEAQ-HT-GFP (as a positive control) 





E. coli (DH5α) and Agrobacterium tumefaciens (GV3101) were kindly 
donated by Dr. Attila Molnar (University of Edinburgh, UK). 
2.2.5 Antibiotics 
Both pEAQ-HT and Agrobacterium GV3101 contained antibiotic sensitive 
genes, and the antibiotics used are listed in Table 6.  
Table 6. Details of antibiotics for CD1 cloning and expression 




E. coli and 
Agrobacterium 
selection 




















Manually designed primers based on CD1 and pEAQ-HT sequences are 
listed in Table 7. 
Table 7. Details of primers for CD1 cloning 
 
2.3 Protein (CD1) extraction and purification 
2.3.1 Plants 
Nicotiana benthamiana (1-month-old) was grown at 21°C day (16 h) and 
night (8 h). It was used as a recipient for agroinfiltration and was kindly 












































2.3.2 Immobilized metal affinity chromatography  
HisPur™ Cobalt Resin (Thermo Scientific) and column extender were kindly 
donated by Dr. Attila Molnar (University of Edinburgh, UK).   
2.3.3 Buffers 
All the buffers used to extract and purify CD1 were modified based on Yeats 
et al. (2012) in Table 8.  
Table 8. Details of buffers for CD1 extraction and purification 
4.5 5 mM sodium acetate, 500 mM NaCl, 0.1% (v/v) 





































2.3.4 Home-made SDS-PAGE recipe 
SDS-PAGE gels used in this project were all home-made; the recipes are as 
follows: 
Resolving gel (15%): 1.5 mm thickness 
1.5 M Tris (Cl-) (pH 8.8)                                                                           2.6 ml                                                                                    
10% SDS                                                                                                 100 µl                                                                                                             
Acrylamide/bis (29/1, w/w) solution (40%)                                             3.75 ml                                                                                                                                    
10% Ammonium persulfate (AMPS)                                                        100 µl                                                                 
Tetramethylethylenediamine (TEMED)                                                      10 µl                                                                 
Water                                                                                                     3.44 ml                                                                                                              
Stacking gel (4%): 1.5 mm thickness 
0.5 M Tris (Cl-) (pH 6.8)                                                                         1.25 ml                                                                                     
10% SDS                                                                                                   50 µl                                                                                                          
Acrylamide/bis (40%)                                                                               0.5 ml                                                                                           
10% AMPS                                                                                                50 µl                                                                                                           
TEMED                                                                                                        5 µl                                                                                                            
Water                                                                                                   3.145 ml                                                                                                            
4X Laemmli buffer, pH 6.8 
Glycerol                                                                                              40% (v/v)                                                                                                  
SDS                                                                                                     8% (w/v)                                                                                                              
Tris (Cl-)                                                                                             20% (w/v)                                                                                                      
Bromophenol blue                                                                             0.4% (w/v)                                                                                    
DTT                                                                                                           0.4 M                                                                                                                   
5X SDS-PAGE running buffer, pH 8.3 
Tris (glycinate)                                                                                      125 mM                                                                                                                                                                                                        




2.4 Cutin re-modelling transacylase assays 
2.4.1 Radio-labelled transacylase substrates preparation and qualitative 
analysis 
[3H]Fatty acids qualification 
The purity of each fatty acid used was checked by loading an aliquot, 
together with appropriate markers on thin-layer chromatography (TLC) plates 
(Silica gel 60, Merck) (Table 4), which were developed in toluene/acetic acid 
(9/1, v/v) for 1 h (1–3 ascents), followed by being scanned (AR2000 TLC 
radio-scanner). Non-radioactive markers were stained in 0.0065% (w/v) 
rhodamine 6G dissolved in 96% ethanol (Sigma), their migration distances 
(RF) were compared to the radioactive samples. For the impure radioa-
labelled fatty acids, a big quantity of the sample was analysed by TLC, and 
the band at the expected position was carefully cut down and eluted in ethyl 
acetate. The eluent was then dried in SpeedVac (ThermoFisher) and then re-
dissolved in dimethyl sulfoxide (DMSO), which is an amphiphilic solvent can 
dissolve fatty acids and mixed well with aqueous buffer in downstream 
enzyme assays. The pure stocks (usually dissolved in volatile organic 
solvents) were directly dried and re-dissolved in DMSO.  
Methyl esterified [3H]GalA8-ol preparation 
[3H]GalA8-ol was dried in SpeedVac and re-dissolved in 0.1 ml 50 mM MES 
buffer, pH 6.5. The same volume of methanol was added (final conc. = 50% 
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MeOH) and mixed well. Right before the incubation, 3 mg N-
hydroxysuccinimide (NHS) was dissolved in 1 ml MeOH/MES (1/1), and then 
45 mg ethyldimethylaminopropylcarbodiimide (EDC) was added and 
dissolved in the same tube. This solution was added to the [3H]GalA8-ol 
solution immediately after being prepared. After a thorough mix, the reaction 
mixture was incubated on bench overnight at room temperature. The methyl 
esterification reaction was stopped by adding 100 µl acetic acid, which 
competes with [3H]GalA8-ol to react with methanol.  
The complete methyl esterified [3H]GalA8-ol was purified as follows: the final 
incubation mixture was loaded onto a Whatman no. 3 chromatography paper, 
together with three external markers: glucose, galacturonic acid and 
[3H]GalA8-ol. The compounds were separated according to their charge-to-
mass ratio by paper electrophoresis (in acetic acid/pyridine/water, 1/33/300, 
v/v/v, pH 6.5, 3 kV, 90 min) (Table 4). The paper was then dried, and the 
lanes with radio-labelled samples on were scanned as above, whereas the 
non-radio-labelled markers were stained by silver nitrate (Partridge, 1946). 
The complete methyl esterified [3H]GalA8-ol was expected to stay at the 
loading origin, which was then cut off and eluted in 50% MeOH, finally dried 
in SpeedVac and re-dissolved in appropriate volume of 0.5% chlorobutanol. 
[3H]Xyl5-ol preparation 
[3H]Xyl6-ol was dried in SpeedVac and re-dissolved in 20 µl 0.1 M 
trifluoroacetic acid (TFA), which was then incubated at 85°C for 1 h. 
Hydrolysed products were identified by TLC [butan-1-ol/acetic acid/water 
42 
 
(BAW), 2/1/1, v/v/v, 2 ascents)]. Hydrolysed products were identified by being 
scanned as above, with [3H]Xyl6-ol and [3H]xylitol as external markers. 
[3H]Xyl5-ol was chosen to be used as a transacylase substrate because it is 
satisfyingly long enough to mimic polysaccharide in planta, but not long 
enough to cause artefact due to non-specific hydrogen bonds. The [3H]Xyl5-ol 
was eluted down by 0.5% chlorobutanol, followed by dried in SpeedVac and 
re-dissolved in appropriate volume of 0.5% chlorobutanol.  
2.4.2 Cutin re-modelling transacylase assays in situ  
In situ: endogenous enzymes and cutin 
Preparation of epidermis with endogenous enzyme  
Epidermis was isolated from plant models manually (ice plant leaf and tomato 
fruit epidermis was peeled off directly; scalpel was used for removing 
mesophyll if necessary), then immediately frozen at –80°C for long-term use. 
Frozen epidermis was thawed on ice before use, followed by either washing 
in cold buffer or boiling in water for 1 h. Pea epicotyl was frozen and thawed 
prior to epidermis isolation, which was undertaken by rolling a glass rod on 
the frozen and thawed pea epicotyls; the epidermal samples were used on 
the day. The same washing procedure was the same as above.   
Transacylase assay set up 
For assays, epidermis was blotting dried and cut into small pieces, and then 
incubated with 0.25–1 kBq radio-labelled substrates (e.g. [3H]HHA and 
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[3H]XXXGol) (Table 3) in buffers (Table 2) at room temperature for 24 h. 
Epidermis weight to incubation mixture volume was usually 1/6 (g/ml).  
The reaction was stopped by adding 10 volumes of freshly prepared 
methanol/formic acid/water (MFW) (9/1/1 or 5/1/5, v/v/v), which lowered the 
pH dramatically (~pH 1.7) to inhibit enzyme activities.  
Epidermis was then either washed in tubes by periodically changing MFW or 
transferred onto chromatography papers (Whatman No. 1), which were run in 
MFW for 5–9 days.  
2.4.3 Cutin re-modelling transacylase assays ex situ 
Ex situ: exogenous enzymes, but endogenous acyl donors 
Preparation of epidermis without endogenous enzyme  
Epidermis containing cutin was prepared as follows: frozen and thawed 
epidermis was boiled in water for 1 hour, and then washed in acetone for 3 x 
1 h, boiled in chloroform for 90 seconds (Szafranek et al., 2008), followed by 
being washed in chloroform/methanol (CM) (2/1, v/v) overnight. These steps 
were designed to denature endogenous enzymes, remove intracellular 
interferences and cuticle wax. Polysaccharide was removed in some 
experiments by incubating epidermis with 0.1% (w/v) Driselase in pH 4.5 
buffer (Table 2) at 37°C for 5 days or 0.2 M ammonium oxalate (pH 4.3) at 
100°C overnight. Acetone was used to finalize the wash procedure, and 





Apoplastic enzyme was extracted as follows: the freshly isolated pea epicotyl 
epidermis was ground in liquid nitrogen into small pieces, and then ground 
thoroughly in the extraction buffer (Table 2) with a 1/2 (w/v) ratio; 10% weight 
of PVPP (preventing the denaturation of enzymes in the presence of natural 
tannins etc.) and a pinch of sand (Bio-Rad) were added during grinding. 
Triton X-100 (1% v/v), 10 mM DTT and 5 mM EDTA were included in some 
experiments.  
The extraction mixture was shaken at 4°C for 2 h, followed by centrifuging at 
4°C for 15 min at full speed. The supernatant containing apoplastic enzymes 
was used for cutin re-modelling transacylase ex-situ assays.  
The following metal salts were added to the enzyme extract in some cutin-to-
[3H]HHA experiments: CaCl2, MgCl2, MnCl2, FeSO4, NiSO4, CuCl2, ZnCl2, 
CoCl2 and KCl (final conc. = 10 mM).  
Transacylase assay set up  
For assays, the prepared epidermis (2–10 mg) was incubated with ~0.25–1 
kBq radioactively-labelled substrate in 100–300 µl enzyme extract for 3–24 
hours at room temperature. Reaction termination and wash procedures were 





2.4.4 Cutin synthase, CD1 transacylase assays in vitro 
In vitro: exogenous enzymes and acyl donors 
The cutin synthase, CD1, was heterologously produced in N. benthamiana, 
purified (Table 8) and assayed radio-chemically and spectrophotometrically.  
Radio-chemistry 
Epidermis (10 mg) without endogenous enzymes was prepared as above, 
followed by being incubated with ~1 kBq [3H]HHA or [3H]XXXGol in 300 µl pH 
5.5 or 6.5 buffers (Table 2) with or without the purified His6-tagged CD1 (1 
µg) at room temperature for one day. Reaction termination, washing and 
CD1 product quantification were as above. 
Spectrophotometry 
A stock solution of the potential acyl donor, p-nitrophenyl palmitate was 
prepared by emulsification in 5% (v/v) Triton X-100 first, then dilution into 
water to achieve the desired final concentration (5 mM). Mild heat (~40°C) 
was used for thorough dissolution. Stock solutions (1% w/v) of proposed acyl 
acceptors (e.g. HHA, xyloglucan oligomers) were dissolved in water 
containing 5% (v/v) Triton X-100. For assays, both acyl donor and acceptor 
were diluted 10-fold, and incubated with or without 1 µg His6-tagged CD1 in 
100 µl pH 6.0 buffer (Table 2) at 25°C for 2 days. CD1 product, p-nitrophenol, 
was detected by adjusting the pH to 7.15 ± 0.02 by adding 20 µl pH 8.0 
buffer (50 mM collidine acetate), followed by measuring the absorbance at 
405 nm (PerkinElmer).  
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2.4.5 Transacylase product quantitative and qualitative analysis 
Crude enzymic product quantification 
The thoroughly washed epidermis, which may contain a mixture of enzymic 
products was dried and transferred into scintillation vials, containing either 2 
ml of home-made scintillation fluid (0.5% PPO w/v and 0.05% POPOP w/v 
dissolved in toluene) or OptiScint HiSafe (Fisher Scientific Ltd.), and mixed 
well by rocking or wheeling overnight to improve counting efficiency. The 
former toluene-based scintillation fluid was preferred in most experiments 
because the later one may cleave ester bonds (the predicted transacylase 
products).  
For liquid or wet samples, the procedures were the same, except that 10 
volumes of OptiPhase HiSafe (Fisher) scintillation fluid was added, and there 
was no necessity to mix overnight. Counting efficiency index (H#) was 
usually on for liquid samples to monitor the counting efficiency. 
In most experiments, each sample was scintillation-counted for 5 minutes, 2-








Chemical degradation: isolate the transacylase products from others 

























Figure 8. Flowchart of chemical degradation procedure to isolate the 
transacylase products. Blue squares: main degradation steps being employed. 
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Orange arrows and squares: quantitative analysis (= scintillation counting). Green 
arrows and squares: qualitative analysis (= TLC and paper chromatography). Black 
arrows: divergent experimental steps for different exogenous substrates.  
 
To look for the transacylase products we were interested in, chemical 
degradation strategy was employed. 
The MFW washes, which were used to remove un-bound radioactivity was 
collected for later analysis.  
Sequentially, the MFW-washed epidermis samples were then washed in 
toluene, CM (2/1, v/v) and chloroform/methanol/water (CMW, 10/10/3, v/v/v) 
to remove hydrophobic interferences thoroughly. Supernatants were 
collected for later analysis.   
To remove the possible cell wall protein–radioactivity conjugates, ≥ 3 U/ml 
proteinase K from porcine liver (Sigma) was incubated with the MFW etc.-
washed epidermis samples at pH 8.8 (Table 2) at 37°C for 3 days, to cleave 
peptide bonds. Supernatant was collected for later analysis.   
To look for cutin-to-radioactivity transacylase product, ester bonds were 
cleaved by incubating the proteinase K-digested epidermis samples with 0.02 
U/ml lipase from Aspergillus niger (Sigma) at pH 7.5 (Table 2) at 25°C for 2 
days. Another enzyme used to cleave the ester bonds was an annotated 
cutinase (AN7541.2) from Aspergillus nidulans, which was heterologously 
expressed in Pichia pastoris (SB, FGSC) (induction protocol see Appendix). 
The freeze-dried culture media containing the cutinase (final conc. = 0.45%, 
w/v) was incubated with the lipase-digested epidermis samples at pH 8.0 
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(Table 2) at 37°C for 2–3 days. Supernatants for both digestions were 
collected for later analysis.   
The ester bonds were also hydrolysed chemically: chloroform/methanol/4M 
NaOH (CMNaOH, 10/10/3, v/v/v, ~pH 14).  The cutinase-digested epidermis 
samples were hydrolysed in CMNaOH at room temperature for 1 day. The 
reaction was stopped by adding 5 times moles of acetic acid to NaOH. More 
details in this step will be explained in the next two sections.  
Another possible enzymic product, cell wall polysaccharide–radioactivity 
conjugates were tested by incubating the CMNaOH-hydrolysed epidermis 
with 0.1% (w/v) XEG in pH 4.5 buffer (Table 2) at room temperature 
overnight, or alternatively, incubating with 2 M TFA for 1 h at 120°C  to 
hydrolyse glycosidic bonds generally. Supernatant was collected for later 
analysis.  
Cutin-to-[3H]fatty acids transacylase products quantification and qualitative 
analysis 
For cutin-to-[3H]fatty acids assays, the supernatant of CMNaOH hydrolysis 
was transferred to another fresh tube, phase partitioning was performed by 
the modified Folch lipid extraction procedure (Folch et al., 1957): 0.8 volume 
of 0.9% NaCl (w/v) was added gently to the supernatant, upper aqueous was 
removed after a gentle mixing and centrifugation; a mixture of 0.9% NaCl 
solution and methanol (1/1, v/v) was added gently to replenish the methanol 
lost in last step, upper aqueous was removed after centrifugation. The left 
50 
 
hydrophobic layer was dried in fume hood, and re-dissolved in MFW (9/1/1, 
v/v/v) for later analysis.   
An aliquot of each treatment’s supernatant was assayed by scintillation 
counting as above to quantify transacylase products if any.  
The rest of the supernatants were dried in SpeedVac, and re-dissolved in 
CMW (10/10/3, v/v/v) and MFW (9/1/1, v/v/v), which were then loaded onto 
TLC plates (toluene/acetic acid, 9/1, v/v, 3 ascents). Substances solubilized 
in/released into the supernatant was qualified by scanning the TLC plates as 
above. In the cases that radioactivity was too low for the TLC scanner, the 
sample-loading track on the TLC plate was cut into small streaks with 1-cm 
width along the migration distance, followed by scintillation counting by 
mixing with OptiScint HiSafe scintillant as above.   
Cutin-to-[3H]oligosaccharides transacylase products quantification and 
qualification 
For cutin-to-[3H]oligosaccharides assays, the chemical degradation 
procedure was the same as above, except that the supernatant of CMNaOH 
hydrolysis experiment was not phase partitioned, because oligosaccharides 
were hydrophilic. Instead, an aliquot of the neutralized CMNaOH supernatant 
(re-dissolved in MFW, 5/1/5, v/v/v) was directly scintillation counted together 
with all the other treatment’s supernatants, to quantify the transeacylase 
products if any.  
The rest of the neutralized CMNaOH supernatant was dried in SpeedVac and 
the residues were re-dissolved in 3 ml 0.5% chlorobutanol (transacylase 
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product stock). The sodium succinate formed during neutralization was 
removed by passing the stock through Bio-gel column P-2 (size-exclusion 
chromatography, 3 ml/fraction, 50 fractions) (Table 4) with 6 mg glucose, 
xyloglucan oligomer mixture and dextran as internal markers.  A small aliquot 
(2–4 µl) of each fraction was loaded onto TLC plates (BAW 2/1/1, v/v/v, 3 
ascents) to look for the fractions containing the proposed transacylase 
product by visualising internal markers through Thymol staining (Jork et al., 
1994), and then those fractions were pooled, dried in SpeedVac and the 
compound mixture was resolved by paper chromatography [Whatman No. 3, 
butan-1-ol/pyridine/water (BPW), 4/3/4, v/v/v, 46–46.5 h] (Table 4). The 
transacylase product was looked for by scanning the chromatography paper 
as above, or cut the sample lane into small strips, which were then 
scintillation counted as above.  
All the other supernatants from each treatment were also dried in SpeedVac, 
and the residues were re-dissolved in small volume of MFW, which was then 
analysed by paper chromatography as above, but with Whatman No. 1 
paper.  
For the assays (e.g. characterisation of un-bound [3H]XXXGol) which require 
visualising bands, a fluorography was undertaken. The TLC plates were 
developed (BAW 2/1/1, v/v/v, 3 ascents) as above, and then they were 
dipped into 7% PPO (w/v) dissolved in diethyl ether. After dried completely, 
they were fixed in a development cassette by tapes at corners, and then 
overlapped with an X-ray film (Kodak, Rochester, USA) in dark. The cassette 
was stored in dark at –80°C for 6 weeks.  
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2.4.6 Data analysis 
The putative cutin-to-radiolabelled fatty acids, oligosaccharides and glycerol 
activities were expressed as alkali (CMNaOH)-releasable radioactivity 
(cpm)/supplied radioactivity (cpm) x 100%, usually per 50 mg fresh weight 
(FW) of epidermis (putative transacylase activity/50 mg FW) or per ~10 mg 
dry weight (DW) of epidermis (putative transacylase activity/10 mg DW). All 
the statistical analysis was achieved by independent student t-test.  
2.5 Gene (CD1) cloning  
2.5.1 Crude RNA extraction and purification 
M82 15-Days after anthesis (DAA) (2-cm) tomato fruit pericarp was 
homogenized to a fine powder by punching and grinding in liquid nitrogen. 
Pericarp (150 mg) was vortexed vigorously with 600 µl pre-cooled 1X 
extraction buffer (Table 5) containing 2% SDS (w/v), followed by addition of 
600 µl ‘phenol’ [≥ 90%, saturated with 10 mM aqueous Tris (Cl-), pH 8.0]. The 
mixture was centrifuged at 4°C for 10 min. The upper layer (aqueous, total 
nucleic acid layer, ~600 µl) was mixed thoroughly with 600 µl 
‘phenol’/chloroform/isoamyl alcohol (25/24/1, v/v/v), and centrifuged as 
before. This step was repeated. The upper layer was then combined with an 
equal amount of chlroroform/isoamyl alcohol (24/1, v/v), mixed thoroughly 
and centrifuged as above. The above partitioning steps were aimed to 
separate nucleic acid from other components of the cell lysates, such as 
proteins. Upper layer was mixed gently with 2.5 volume of absolute ethanol 
plus 1/10 volume of 3 M sodium acetate (pH 5.2) and left on ice for 30 min, to 
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precipitate total nucleic acid. After being centrifuged at 4°C for 10 min, the 
supernatant was discarded, and the pellet was aspirated in fume hood. A 
brief centrifugation usually followed to remove more supernatant. DEPC-
treated water (30 µl, Thermo Scientific) was added to the white precipitate 
after a thorough aspiration.  
Extracted RNA was visualized on a 1% agarose gel (1% w/v agarose powder 
was dissolved in 1X TBE buffer by heating in microwave, and 2 µl SYBR dye 
was added after cooling down) in 1X TBE buffer. Total nucleic acid was 
quantified by A260; contamination was checked by A260/A280 and A260/A230 
(Desjardins and Conklin, 2010).  
To remove DNA contamination, 3 µg of total nucleic acid (according to A260) 
was incubated with 2.5 µl 10X TURBO DNAse and 7.5 µl DEPC-treated 
water at 37°C for 30 min. The reaction was stopped by adding 2 µl TURBO 
DNAse inactivation reagent, followed by centrifuging at 4°C for 5 min. The 
supernatant was transferred to a fresh tube, and RNA was precipitated by 
addition of 2.5 volume of 80% ethanol plus 1/10 volume of 3M sodium 
acetate (pH 5.2), and the mixture was stored on ice for 30 minutes. 
Supernatant was discarded after centrifuging at 4°C for 5 min. Remaining 
salts were removed by washing in 100 µl 80% ethanol, followed by 
centrifuging at 4°C for 5 min. The supernatant was discarded as before, 15 µl 
DEPC water was used to re-dissolve the pure RNA, and its quantity and 




2.5.2 CD1 mRNA reverse transcription 
Primers were designed manually by following several principles: the optimal 
length is 20–28 base pair (bp); the 3’ end was designed to terminate with G 
or C to stabilize primers; Tm should be around 60°C with GC content from 
40–60%; no complementary sequences between forward and reverse 
primers or in a single primer.  
Reverse transcription was achieved by incubating 1 µg RNA with 1 µl 10 mM 
dNTP (a mixture of nucleoside triphosphates containing deoxyribose, e.g. 
dTTP) and 1 µl 100 µM CD1 cDNA primers (Table 7) 5 min at 65°C. It was 
then transferred to ice immediately, to allow dNTP to bind onto target RNA 
after its secondary structure had been denatured. Subsequently, a reverse 
transcription reaction was carried out according to the Superscript III protocol 
(Thermo Scientific).  
2.5.3 CD1 cDNA amplification  
PCR incubation mixture consisted of 400 ng CD1 DNA template in a final 
volume of 50 µl; Q5® High-Fidelity DNA Polymerase (NEB) reaction protocol 
was followed.  
The PCR protocol was as follows: initial denaturation (30 s at 98°C), followed 
by 35 cycles of denaturation (5–10 seconds at 98°C), annealing (30 s at 
66°C), extension (30 s at 72°C), and final extension (5 min at 72°C).  
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PCR product was visualised on a 1% agarose gel as above. The fluorescent 
band with the expected size was cut out under blue light, and the amplified 
cDNA template was eluted by following QIAGEN gel elution kit instructions.  
2.5.4 Plasmids replication 
Home-made competent E. coli (DH5α) (50 µl) was mixed with 20 ng pEAQ-
HT and pEAQ-HT-GFP in two ice-cold tubes, and then the mixtures were 
placed on ice for 30 minutes. Cells were heat-shocked for transformation in a 
water bath at 42°C for 1 minute, and then combined with 500 µl liquid Luria 
broth (LB) media. Cells were grown at 37°C for 45 minutes, followed by 
transferring aliquots onto LB agar plates with 50 µg/ml kanamycin (Kan+) 
(Table 6). Plates were incubated at 37°C overnight.  
Selected individual colonies were replicated onto a fresh LB Kan+ plate with 
the same recipe as above and inoculated into fresh liquid LB Kan+ medium. 
pEAQ-HT and pEAQ-HT-GFP plasmids were harvested from the liquid LB 
Kan+ medium after overnight incubation at 37°C, by using a QIAGEN 
miniprep kit. Plasmid quantity and contamination were checked by A260 and 
its ratios to A280 and A230 (Parodi et al., 1975). Sequence mutation was 
checked by digesting plasmids with PVUII and XbaI as follows: 1 µl plasmid, 
0.2 µl PVUII or Xbal, 2 µl 10X CutSmart buffer [500 mM potassium (acetate), 
200 mM Tris (acetate), 10 mM magnesium (acetate), 100 µg/ml BSA, pH 
7.9], 17.8 µl DEPC-treated water (21 µl in total). Products were visualized on 




2.5.5 pEAQ-HT-CD1 ligation 
To produce one sticky end (5’) and one blunt end (3’), amplified CD1 coding 
sequence and pEAQ-HT plasmid were digested by endonucleases, SmaI 
(producing blunt ends) was applied separately as follows: 10 µl purified CD1 
DNA template, 1 µl SmaI solution (final conc. = 1.25 U/µl), 1.5 µl 10X 
CutSmart buffer, 2.5 µl water (16 µl in total); 20 µl pEAQ-HT, 2 µl SmaI (final 
conc. = 2 U/µl),  5 µl 10X CutSmart buffer as above, 13 µl water (40 µl in 
total). Both mixtures were incubated at 25°C for 30 min, and then 1 µl AgeI 
(producing sticky ends) solution (final conc. = 0.3 U/µl) was directly added to 
the CD1 DNA template tube, whereas 2 µl AgeI solution (final conc. = 0.12 
U/µl) to the plasmid tube; both were then incubated at 37°C for 30 minutes. 
Digestions were stopped on ice.  
Restriction-enzyme digested CD1 coding sequence was purified by QIAquick 
PCR clean-up kit. The digested pEAQ-HT was de-phosphorylated by 
incubating with 2 µl rSAP at 37°C for 30 minutes, and then purified by gel 
elution as CD1 coding sequence.  
Prepared pEAQ-HT and CD1 coding sequence were ligated as follows: 8 µl 
of the digested and purified CD1 cDNA, 1 µl digested and purified plasmid, 
0.5 µl T4 DNA ligase, 1 µl T4 buffer; a negative control was prepared with the 
same recipe except water was added instead of CD1 DNA. The ligation 
mixtures were incubated at room temperature overnight.  
The whole amount of the ligation mixture was introduced into E.coli (DH5α) 
by chemotransformation as before. A positive control (non-digested pEAQ-
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HT) was also included. After being incubated at 37°C for 45 minutes, 50 µl of 
each group was spread on LB Kan+ plates and kept at 37°C overnight.  
2.5.6 Ligation quality control 
Individual colonies from the pEAQ-HT-CD1 plate were picked up by pipette 
tips, which were then streaked onto a fresh LB Kan+ plate and then inserted 
rejected into PCR tubes containing 1 µl 10X Taq buffer, 0.2 µl 10 mM dNTP, 
1 µl of each primers (10 µM forward colony primer and 10 µM reverse CD1 
primer), 0.1 µl Taq DNA polymerase and 6.7 µl DEPC-treated water (10 µl in 
total). Tips were removed from PCR tubes before the colony PCR 
programme started, which was as follows: initial denaturation (30 s at 95°C), 
followed by in 35 cycles of denaturation (30 s at 95°C), annealing (45 s at 
61°C), extension (70 s at 68°C); and final extension (5 min at 68°C).  
The success of ligation was validated by the right size of the CD1 cDNA, 
visualized on a 1% agarose gel as above.  
The freshly grown colonies (from the streaking above) containing pEAQ-HT-
CD1 were inoculated into 5 ml liquid LB Kan+ medium, incubated at 37°C for 
45 min. Aliquots of these cell cultures were spread onto fresh LB Kan+ plates 
for replicating this construct. The rest of the culture was incubated at 37°C 
overnight for more tests.  
The freshly replicated pEAQ-HT-CD1 construct was harvested with a 
QIAGEN Miniprep kit again. Tandem insertion was tested by following the 
same protocol as above, except that only plasmid primers were used.  
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2.5.7 Transformed E. coli genotyping 
The best two colonies were inoculated into LB Kan+ media, and the high-
quality pEAQ-HT-CD1 constructs were harvested again by QIAGEN Miniprep 
kit. Sequencing PCR was set up as follows: 4 µl construct, 1.6 µl 2 µM primer 
(either forward or reverse plasmid primer), 2 µl 5X BigDye buffer + 0.5 µl 
BigDye 3.1 ready reaction premix, 1 µl DEPC water (9 µl in total). CD1 insert 
was sequenced by Edinburgh Genomics.  
2.6 CD1 production, extraction and purification 
2.6.1 Agrobacterium transformation and N. benthamiana infiltration 
GV3101 cells (50 µl) was homogenized with pEAQ-HT-CD1 constructs (with 
the correct sequence, 2 µl) and the same amount of pEAQ-HT-GFP (a 
positive control) in two tubes. Cells were transformed by electroporation at 
1800 V for ~5 s. The transformed GV3101 was spread on fresh yeast extract 
peptone (YEP) plates containing 50 µg/ml kanamycin, 50 µg/ml rifampicin 
and 25 µg/ml gentamicine (Table 6) and incubated at 28°C for 2 days.  
Individual colonies were inoculated into 5 ml liquid YEP broth with the same 
antibiotics as above, to grow at 28°C (200 rpm) overnight. The cells were 
sub-cultured by homogenizing 0.3 ml cells with 10 ml YEP broth with the 
same antibiotics and grown overnight at 28°C (200 rpm). Cells were 
centrifuged at 4000 rpm for 20 min. Supernatant was discarded, and cell 
pellets were re-suspended in infiltration buffer (Table 5) to achieve A600 = 0.5. 
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N. benthamiana plants (24–30 days old) were kept in a humid environment 
for 2 hours to help stomata open. The Agrobacterium GV3101 containing 
pEAQ-HT-CD1 and pEAQ-HT-GFP was infiltrated into leaves from the 
abaxial side. The infiltrated tobaccos were grown under the same conditions 
as before for 5 days.  
2.6.2 His6-tagged CD1 extraction and purification 
Agroinfiltrated tobacco leaves were harvested, ground in liquid nitrogen and 
stored at –80°C for future use.  
Leaf weight and the pre-cold extraction buffer (Table 8) were mixed at a 1:3 
(w/v) ratio at 4°C. Sand was added to help grinding. After being shaken 
vigorously in the cold room (4°C) for 0.5 h, the extraction mixture was 
centrifuged at 4°C for 25 min. The supernatant was then transferred to 
another fresh tube, followed by adjusting the pH to 7.0 by adding 1/20 vol. 1 
M sodium phosphate, pH 7.8, for being consistent with Co2+ column 
equilibration/wash buffer. The mixture was centrifuged as before, the 
supernatant was filtered through 0.45-µm cut-off filters or glass fibre. An 
equal volume of wash buffer (Table 8) was mixed with the extract, and then 
the mixture was applied onto a Co2+ gravity-flow column (1 ml bed resin).  
The flow through was collected and re-applied to the column to maximize 
His-tagged protein binding. Wash buffer (Table 8) (2×1 ml) was applied to the 
column to remove non-specifically bound proteins; both washes were 
collected in the same tube. Elution buffers from 1–4 with low–high imidazole 
60 
 
concentrations (Table 8) were subsequently applied to column as for the 
wash buffer.   
Eluents were dialyzed (12–14 kDa cut-off, Medicell Membranes Ltd., London, 
UK) against water in the cold room for one day (3 water changes), followed 
by freeze-drying (–60°C). Protein was re-dissolved in a small volume of water 
and quantified by A280.  Desired concentrations were adjusted by adding 
water.  
2.6.3 His6-tagged CD1 identification 
SDS-PAGE running 
Resolving gel (15%, 1.5 mm) was made first; after AMPS being added (3.4), 
the mixture was immediately poured into a set cassette, and bubbles were 
eliminated by immediately adding isopropanol. After the gel was solidified, 
the isopropanol was poured off, and then the stacking gel (4%) mixture was 
poured into the cassette immediately after the addition of AMPS as before, a 
comb was also added into the cassette immediately before the stacking gel 
being solidified.  
The dialyzed/freeze-dried protein samples were mixed with 4X Laemmli 
buffer (3.4) (final conc. = 1X) and DTT solution (final conc. = 100 mM), 
followed by incubation at 95°C for 5 min before being loaded onto the home-
made SDS gel (Table 4). The gel was run in 1X running buffer (3.4): 80 V at 
stacking gel for 25 min, 120 V at resolving gel for 1.5 h (stacking gel pores 
were bigger than the resolving one, lower voltage can achieve sharp protein 




Gels were stained with 0.006% Coomassie Brilliant Blue R-250 (dissolved in 
10% acetic acid) overnight, and then remove the background staining in the 
same solvent the day after.  
Western blot 
SDS-PAGE gels were also immuno-stained instead of chemical staining to 
obtain a more precise result (i.e. the protein does not only have the correct 
size, but also has a His6-tag).    
The stacking gel was cut off after running and the resolving gel was soaked 
in 1X running buffer. Proteins were transferred onto a nitrocellulose 
membrane for 7 min according to iBlot 2 NC Transfer Stacks protocol. The 
membrane was then washed with PBS for 5 min at room temperature, 
followed by incubating with 5% milk powder (w/v) suspended in PBS with 
0.1% (v/v) TWEEN-20 (PBST) for 1 h at room temperature, to block non-
specific binding for antibody. Monoclonal anti-poly-His–HRP (Alpha 
Diagnostic International, San Antonio, USA) was diluted (1:1500) in PBST, 
and incubated with membrane overnight at 4°C. Un-bound antibody was 
washed with PBST numerous times at 4°C. SuperSignal West Dura 
Extended Duration Substrate (Thermo) (250:250) was applied onto the 
membrane for 1 minute, followed by covering the membrane in polythene film 
and placing it into a cassette, and exposing to an X-ray film (Kodak, 







Chapter 3. Cutin-to-fatty acid transacylation  
Introduction 
We proposed that during cell expansion, not only new cutin is synthesized 
(Kosma et al., 2010), but also existing cutin could be remodelled to 
accommodate the dramatic structural change. This remodelling mechanism 
could be conferred by a transacylase to cut cutin transiently to allow 
expansion first, and then re-form an ester bond back to another or the 
original cutin chain after the incremental expansion ceased. This reaction is 
named ‘cutin-to-cutin transacylation’ (Fig. 5) in this project.  
I looked for this reaction by carrying out in-situ, ex-situ and in-vitro assays of 
the selected plant epidermis containing cutin (acyl donor) with exogenous 
radio-labelled hydroxy-fatty acids (acyl acceptors), which were models of a 
polyester cutin chain (Fig. 5). Hydroxy-fatty acids were chosen because the 
polymeric cutin is insoluble in aqueous buffers. The proposed transacylase 
activity was monitored by scintillation counting (standard unit: counting per 
minute, cpm) of the methanol-insoluble radioactive epidermis (details in 
Chapter 2 and in e.g. Fig. 11 legends).  
I started with 16-[3H]hydroxyhexadecanoic acid ([3H]HHA) as the acyl 
acceptor (Fig. 5), which has the same chain length as the very abundant 
residue in vascular land-plant cuticle, 10,16-dihydroxyhexadecanoic acid 
(diHHA), but only contains one hydroxy group. [14C]hexadecanoic acid 
([14C]HA) was a control ‘substrate’ tested, which has the same length of the 
carbon chain as the other two above, but no hydroxy groups and was 
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therefore not expected to serve as an acyl acceptor substrate. DiHHA was 
not commercially available, and the purification via HPLC was not successful, 
resulting in no radio-labelled diHHA being available to test in this project.  
The exogenous radio-labelled fatty acids were hypothesized to serve only as 
acyl acceptors, because their –COOH groups were not activated [i.e. the OR 
groups in the carboxy-esters of cutin (–COOR) tend to be better leaving 
groups than the OH in unsubstituted carboxy groups (–COOH), because of 
lower stability]. Thus, fatty acids cannot be donor substrates. Their acceptor 
substrate ability depends on whether they contain –OH groups; for example, 
HHA can be an acyl acceptor because it contains a hydroxy group, whereas 
HA does not.  
The transacylase we are interested in was proposed to be apoplastic since it 
catalyses epidermal cutin re-structuring. Thus, for in-situ assays, epidermis 
samples were frozen, thawed and washed in buffers to burst epidermal cells 
and remove cytoplasmic interferences (e.g. ATP is involved in de-novo 
synthesis of non-radioactive transacylase substrate), but enzymes, bonded to 
the cell wall/cutin/wax, would be left. The technical details are described in 
Chapter 2. 
The putative transacylase activity was further validated by ex-situ assays: the 
prepared de-waxed cuticle without endogenous un-denatured enzymes was 
incubated with crude enzyme extract. In-vitro experiments involving the 





3.1 Optimization of in-situ assays 
Adaxial epidermis of young ice plant leaves (3–5 cm lamina length) and 
epicotyl epidermis of pea seedlings (default growth conditions: in continuous 
dark at 25°C for 7 days) were used in the pH optimization experiments. Both 
were harvested at the young stage because the proposed transacylation 
reaction was hypothesized to be involved in rapid expansion. Adaxial 
epidermis of ice plant leaves was chosen because it is easy to peel off and 
contains more cutin fatty acid residues than abaxial does, based on 
preliminary experiments (Appendix 3). Tomato fruit epidermis was used to 
compare with them to select the best plant model.  
In addition, pre-incubation treatment was also optimized. As mentioned 
above, epidermis consists of one layer of cells, which may release some 
potential transacylase substrates (e.g. de novo synthesized acyls) after 
bursting due to the freeze/thawing treatment, and therefore a pre-incubation 
wash is thought to be important for removing such interference. However, 
this wash process may also remove the enzyme we are interested in. Thus, 
washed and un-washed epidermis were compared.  
3.1.1 The optimum pH of the possible cutin-to-HHA transacylase activity (in 
situ) 
We hypothesized that the proposed cutin-to-cutin transacylation (Fig. 5) 
allows cell expansion during rapid growth, and therefore we expected that the 
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pH optimum window is 4.5–6, which is the apoplastic pH of rapidly expanding 
cells (reviewed by Cosgrove, 2005).  
Pea epicotyl was chosen for this experiment because it was thought to 
provide enough cutin (Rogers et al., 1994). The epidermis was frozen, 
thawed and washed before incubation as mentioned above.  
The blot-dried epidermis was then assayed in situ at pH 3.5–7.5. After being 
incubated for 24 h and thoroughly washed in acidified methanol to terminate 
enzyme reactions and remove un-bonded [3H]HHA, un-denatured epidermis 
samples showed significantly more 3H incorporation than denatured ones (P 
< 0.05) at all the pH values tested (Fig.9a), providing preliminary evidence 
that this is an enzymic incorporation.  
Chloroform/Methanol/4 M NaOH (CMNaOH, 10/10/3, v/v/v  0.5 M NaOH) 
was a pH~14 hydrophobic mixture employed to hydrolyse ester bonds in all 
the experiments, enabling us to find out the whether [3H]HHA was 
incorporated by ester bonds preliminarily. Consistent with the Fig. 9a, un-
denatured epidermis samples released significantly more 3H in CMNaOH 
than the denatured control (P < 0.05) (Fig.9b), further confirming that the 
incorporation was enzymic, and 3H was very likely being incorporated via 
ester bonds, catalysed by the proposed transacylase activity. Thus, the 
amount of radioactivity released in CMNaOH can potentially represent the 





                                                                                                                                       
Figure 9. pH optimization of the putative cutin-to-[3H]HHA transacylase 
activity in pea epicotyl epidermis in situ. The blot-dried epidermis samples (50 mg; 
acyl donor) with (cold buffer-washed) or without (boiled) active endogenous 
enzymes were incubated with 0.42–0.58 kBq (4 µl) exogenous [3H]HHA (acyl 
acceptor) in 300 µl buffers at room temperature for 1 day. Followed by intensive 
MFW wash to remove non-covalently bonded radioactivity and possible low-Mr 
products before scintillation counting. (a) The total incorporated and (b) CMNaOH-
releasable radioactivity ratios (%) were calculated as follows: obtained radioactivity 
(cpm/ 50 mg epidermis) / initially supplied radioactivity (cpm) × 100%. Green line: 
un-denatured epidermis samples. Red line: denatured epidermis samples (control). 
Bars indicate standard errors (n=3).  
A value of 1% total incorporated or CMNaOH-releasable radioactivity/50 mg 
epidermis/supplied radioactivity corresponds to an absolute incorporation of 80–110 
cpm/50 mg epidermis.  
 
The total incorporated 3H ratio was significantly increased at pH 4.5 compare 
with at pH 3.5 (P < 0.05), and then gradually increased to reach the highest 
value at pH 5.5, followed by decreasing gradually with pH increase (P 
(incorporation % at pH 6.5 vs. at pH 7.5) < 0.05) (Fig. 9a). The putatively ester-bonded (= 
CMNaOH-releasable) 3H showed the similar pattern: the value started to be 
significantly higher at pH 5.5 than at more acidic pH values (P < 0.01), and 
reached the summit at pH 6.5, and then decreased again at pH 7.5 (P 
(CMNaOH-releasable radioactivity % at pH 6.5 vs. at pH 7.5) < 0.05) (Fig.9b). These results 





















































































































suggested that the possible cutin-to-HHA transacylase activity prefers pH 
5.5–6.5, which is consistent with our hypothesis; and the higher CMNaOH-
releasable 3H ratio at pH 7.5 than at 3.5–4.5 may suggest that this 
transacylase is involved in responding to other stimuli, besides cell expansion 
because pH 7.5 is out of the physiological range of a rapidly expanding cell 
apoplast (reviewed by Cosgrove, 2005).  
The CMNaOH-releasable 3H was around 50% of the total incorporated 3H in 
most cases, possibly due to loss during processing, and/or some [3H]HHA 
was incorporated by bonds other than ester bonds. The latter possibility will 
be investigated later in this chapter.  
To test whether the results above can also be observed in other plants, 
epidermis from rapidly expanding ice plant leaves (lamina length: 3–5 cm) 
was also assayed. Similarly, the un-denatured epidermis incorporated and 
released significantly more 3H than the denatured control (P < 0.05), 
indicating that [3H]HHA can also be incorporated into ice plant leaf epidermis 
enzymically (Fig. 10). Moreover, both the total incorporated and CMNaOH-
releasable 3H at pH 4.5–5.5 were slightly higher than at other pH values (Fig. 
10), supporting that the putative cutin-to-HHA transacylase prefers mildly 
acidic pH values, which were again consistent with our hypothesis.  
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Figure 10. pH optimization of the putative cutin-to-[3H]HHA transacylase 
activity in ice plant leaf epidermis in situ. Experimental details were as in figure 6, 
except 50 mg ice plant leaf epidermis was used as the acyl donor. (a) The total 
incorporated and (b) CMNaOH-releasable radioactivity ratios (%) were calculated as 
above. Green line: un-denatured epidermis samples. Red line: denatured epidermis 
samples (control). Bars indicate standard errors (n=3).  
A value of 1% total incorporated or CMNaOH-releasable radioactivity/50 mg 
epidermis/supplied radioactivity corresponds to an absolute incorporation of 80–110 
cpm/50 mg epidermis.  
 
From the overall results, pH 5.5 was chosen for subsequent experiments 
because it is within the optimum range of the two plant species, and within 
the apoplastic physiological pH range of expanding cells (reviewed by 

























































































































3.1.2 The best plant to study the putative cutin-to-HHA transacylase activity 
(in situ) 
Ice plant leaf vs. pea epicotyl 
As shown in Fig. 9 and 10, the amount of 3H from [3H]HHA incorporated by 
the putative transacylase in ice plant epidermis samples was only ~0.75 of 
the pea epicotyl epidermis samples at the optimum pH (5.5) (Fig. 11), and 
the values were significantly different (P < 0.05) (Fig. 11). Thus, pea was 
preferred over ice plant because of its high putative transacylase activity and 













                 
Figure 11. The putative cutin-to-[3H]HHA transacylase activity in rapidly-
expanding ice plant adaxial epidermis vs. rapidly-expanding pea epicotyl 
epidermis in situ. Experimental details were the same as figure 7 and 8. The 
CMNaOH-releasable radioactivity ratio (%) of pea samples was a reference (black 
line) to be compared with the ice plant samples (columns).  
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Tomato fruit vs. pea epicotyl 
Tomato fruit was also predicted to be a good model because its epidermis 
has enough cutin, and Yeats et al. (2012) used it as a model to find how cutin 
was synthesized, indicating that our proposed GDSL transacylase activity 
may also be found. Epidermis of tomato fruit at the rapidly expanding stage 
(10–21 days after anthesis, DAA) was chosen to be assayed because the pH 
optima above suggested that the possible cutin-to-HHA transacylase is 
highest during rapid expansion, and also because it contains the highest 
amount of CD1 (Yeats et al., 2012), which might also catalyse the observed 
cutin-to-[3H]HHA transacylation reaction.  
However, comparing with pea epicotyl epidermis samples, there was only 
negligible 3H incorporated enzymically (8 cpm) (P (tomato fruit vs. pea epicotyl) < 0.01) 
(Fig. 12 and 34), even much lower than the ice plant adaxial leaf epidermis 
(P (tomato fruit vs. ice plant leaf) < 0.01) (Fig. 11 and 12). Thus, tomato fruit epidermis 
was not used routinely in this project.  
This unexpected result might be because of the endogenous transacylase 
substrate specificity: the dominant fatty acid in tomato fruit cutin is diHHA, 
instead of HHA, which was used as a substrate here. 
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Figure 12. The putative cutin-to-[3H]HHA transacylase activity in rapidly-
expanding tomato fruit epidermis vs. rapidly-expanding pea epicotyl epidermis 
in situ. Experimental details were the same as figure 7, except only pH 5.5 was used 
for incubation, and tomato fruit epidermis was another acyl donor. The CMNaOH-
releasable radioactivity ratio (%) of pea samples was a reference (black line) to be 
compared with the tomato samples (columns).  
 
In summary, pea epicotyl, which had grown in continuous dark for 7 days 
(average ~16 cm) provided higher possibly endogenous cutin-to-HHA 
transacylase activity than ice plant leaf and tomato fruit. Thus, such pea 
epicotyl epidermis was used as a standard plant model.  
3.1.3 Effects of pre-incubation process on the putative cutin-to-HHA 
transacylase activity (in situ) 
The un-denatured epidermis had been washed in cold buffer (4°C) for 1 h 
(Chapter 2) in all the experiments above, to remove the cutin’s intracellular 
competitors e.g. acyl-CoA compounds, and sources of energy (ATP) that 
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might drive synthetase reactions involved in acyl-CoAs synthesis (reviewed 
by Li et al., 2010). However, the wash process may also harm the quantity 
and/or quality of the transacylase that we are interested in.  
To investigate the pre-incubation wash effect, I compared un-washed pea 
epicotyl epidermis (frozen and thawed only) with the pH-5.5 buffer-washed 
samples (frozen, thawed and washed) in situ at pH 5.5 (the same buffer, 
Chapter 2, Table 1).  
The un-washed epidermis samples released slightly less radioactivity in 
CMNaOH than the pre-washed ones (Fig. 13), indicating that the possible 
cutin-to-HHA transacylase activity was not harmed by this wash process, and 
also that this putative transacylase did not use intracellular substrates (e.g. 
de-novo synthesized oligoesters) as the acyl donors.  
Both un-washed and pre-washed epidermis samples released significantly 
more radioactivity than the denatured control did, indicating an enzymic 





















Figure 13. Effects of the pre-incubation wash on the putative cutin-to-[3H]HHA 
transacylase activity in pea epicotyl epidermis in situ. Experimental details were 
as in figure 7, except a group of epidermis samples, which were not pre-incubation 
washed by cold buffer was assayed with the washed one. The CMNaOH-releasable 
radioactivity ratio (%) shows the pre-incubation treatments’ effects on the cutin-to-
[3H]HHA transacylase activity.  Bars indicate standard errors (n=3). **: P < 0.01.  
A value of 1% CMNaOH-releasable radioactivity/50 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 80–110 cpm/50 mg 
epidermis.  
 
To check the consistency, rapidly expanding ice plant leaf epidermis was 
assayed in the same way. Consistently, un-washed epidermis samples only 
released slightly more 3H in CMNaOH than the pre-washed samples (Fig. 14). 
Together with the pea results (Fig. 13), we conclude that the wash in cold pH 













































































Figure 14. Effects of the pre-incubation wash on the putative cutin-to-[3H]HHA 
transacylase activity in ice plant leaf epidermis in situ. Experimental details were 
the same as figure 11, except that ice plant leaf epidermis was used as the acyl donor. 
Bars indicate standard errors (n=3). **: P < 0.01.  
A value of 1% CMNaOH-releasable radioactivity/50 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 80–110 cpm/50 mg 
epidermis.  
 
In conclusion, the pre-wash in cold pH 5.5 buffer not only helped in removing 
potentially interfering cytoplasmic substrates, but also did not harm the 
transacylase activity which we were interested in. Thus, this procedure was 


































































3.2 Further investigation of cutin-to-HHA transacylase activity under the 
optimized conditions 
3.2.1 Cutin-to-HHA and HA transacylase activity in situ 
Removal of Un-bonded radioactivity  
The experiments above all showed that the un-denatured epidermis samples 
incorporated significantly more radioactivity than the denatured control, 
providing a piece of evidence that [3H]HHA was incorporated enzymically. 
Based on this observation, we expected that the [3H]HHA incorporation 
increases with time, which is another signature of an enzyme-catalysed 
reaction.  
The MFW (9/1/1, v/v/v) wash was scintillation monitored to track whether the 
un-bonded radioactivity was removed efficiently. Similar results were 
observed in all such experiments; here is an example: the dramatic decrease 
of the un-bonded radioactivity started from the second wash, and the value 
was reduced to background from the third change, indicating that the 
epidermis was thoroughly washed in MFW before being subjected to further 



















Figure 15. Washing efficiency of un-bonded 3H from [3H]HHA in acidified 
methanol. Pea epicotyl epidermis (50 mg; acyl donor) containing endogenous 
enzymes was incubated with 0.55 kBq exogenous [3H]HHA (acyl acceptor) under 
the standardized conditions for 1 day.  The samples were then washed in MFW 
(9/1/1) for multiple rounds. Aliquots of the supernatant of each round were 
scintillation counted. Bars indicate standard errors (n=3).  
 
Detection of covalently bonded radioactivity  
Pea epicotyl epidermis was assayed for the cutin-to-HHA transacylase 
activity with [3H]HHA as the acyl acceptor in situ under the optimized 
conditions. As we expected, the un-denatured epidermis samples showed an 
ascending total 3H incorporation with time, and much more incorporation than 
the denatured ones (P < 0.01) (Fig. 16a), indicating that [3H]HHA was 
incorporated enzymically.  
The same pattern was also observed with the CMNaOH-releasable 
(putatively ester-bonded) radioactive material (Fig. 16b), further suggesting 


















































that the [3H]HHA incorporation was catalysed by a transacylase. The reaction 
rate slowed down from 12 h maybe because the putative transacylase 
started to be denatured.  
Figure 16. Effects of incubation time on the putative cutin-to-[3H]HHA 
transacylase activity in situ. Experimental details were as in figure 7, except 1.3 
kBq exogenous [3H]HHA was supplied as the acyl acceptor at pH 5.5. (a) The total 
incorporated and (b) CMNaOH-releasable radioactivity ratios (%) illustrate the 
effects of incubation time on the cutin-to-[3H]HHA activity. Green line: un-
denatured epidermis samples. Red line: denatured epidermis samples (control). Bars 
indicate standard errors (n=3).  
A value of 1% total incorporated or CMNaOH-releasable radioactivity/50 mg 
epidermis/supplied radioactivity corresponds to an absolute incorporation of 24 
cpm/50 mg epidermis.  
 
Is [3H]HHA  the acyl acceptor or donor? 
[3H]HHA has both potential acyl acceptor (–OH) and donor (–COOH) groups, 
even though the latter were not expected to be transferred efficiently because 
a simple –COOH group is not activated. To test which functional group was 
involved in the proposed transacylation reactions, I compared [3H]HHA with 

























































































































Only rapid expanding ice plant epidermis was used for this experiment due to 
material availability. In the [3H]HHA-fed samples, as above, un-denatured 
epidermis showed significantly higher incorporation ratio than denatured 
control at 12 h (P < 0.05), whereas there was no significant difference at any 
time point in the [14C]HA group (P > 0.05) (Fig. 17a).  
The increase of [14C]HA in both un-denatured and control (denatured) 
samples at 12 h compared with 0 h may be due to HA’s hydrophobicity, 
causing physical adherence onto the cuticle, and therefore difficult to be 
washed away efficiently. The CMNaOH assay confirmed this speculation: the 
24-h un-denatured epidermis samples released significantly more 3H than the 
denatured control only when the substrate was [3H]HHA (P < 0.05); no 
[14C]HA was released (Fig. 17b).  
The results above supported our hypothesis: −OH groups of [3H]HHA were 
the transacylation sites, and fatty acids which do not have an activated 
carboxy group cannot be the acyl donor.  
 
Figure 17. Transacylation substrate abilities of [3H]HHA and [14C]HA in ice 































































kBq [3H]HHA or [14C]HA were supplied as the acyl acceptors at pH 5.5. (a) The 
total incorporated and (b) CMNaOH-releasable radioactivity ratios (%) illustrate the 
cutin-to-[3H]HHA and -to-[14C]HA activity. Un-denatured epidermis samples were 
in green and brownish-green lines for [3H]HHA and [14C]HA respectively. Red and 
purple lines are for denatured epidermis samples with [3H]HHA and with [14C]HA 
respectively. Bars indicate standard errors (n=3).  
A value of 1% total incorporated or CMNaOH-releasable radioactivity/50 mg 
epidermis/supplied radioactivity corresponds to an absolute incorporation of 80 
cpm/50 mg epidermis.  
 
In conclusion, exogenous [3H]HHA was the acyl acceptor for the proposed 
transacylation reaction as  we expected. Moreover, the acyl donor was very 
likely to be cutin, because it is the only feasible epidermis component to form 
ester bonds with fatty acids (more details will be discussed later).  
3.2.2 Cutin-to-HHA transacylase activity ex situ 
The in-situ assays above successfully detected the proposed activity and 
suggested that a [3H]HHA-incorporating transacylase exists, and the acyl 
donor is possibly cutin (more in ‘3.3’). To further verify the presence of 
transacylase in the model plants, I extracted endogenous apoplastic 
enzymes by homogenizing the frozen and thawed pea epicotyl epidermis 
with pH 5.5 buffer, and the transacylase activity was assayed ex situ 
(Chapter 2). There are two challenges for the enzyme to be active under 
these conditions: (1) the enzyme’s environment was hydrophobic in in-situ 
assays because the transacylase was surrounded by cutin; (2) the extraction 
process may harm its activity. Thus, a detectable enzyme activity in ex-situ 
assays would be solid evidence for the cutin-to-HHA transacylase’s existence.  
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Prepared pea epicotyl epidermis (with no endogenous active enzyme, see 
Chapter 2) was used to provide cutin, the putative acyl donor, and [3H]HHA 
as the acyl acceptor was supplied as above. The enzyme extract was 
assumed to contain the proposed transacylase.  
At the optimum pH (5.5) for the proposed transacylation reaction, an increase 
incorporation of 3H into epidermis samples was observed with time, and 
significantly higher than the control (no enzyme extract, buffer only) (P < 
0.01), suggesting that the proposed transacylase was extractable and active 
ex situ. However, compared with the in-situ assay incorporation ratios (Fig 7 
and 14), which are usually 2–4% after 24 h incubation, only ~0.3% 3H was 
incorporated ex situ (Fig. 18), indicating that the extraction process requires 
to be optimized. In the future experiments, the negative control should be 
replaced with boiled enzyme extract to further verify the proposed 






















Figure 18. The putative cutin-to-[3H]HHA transacylase activity ex situ. 25 mM 
succinate-Na+ (pH 5.5) buffer was used to extract apoplastic enzymes from frozen 
and thawed pea epicotyl. The prepared pea epicotyl epidermis samples (50 mg dry 
weight; acyl donor) without active enzymes were incubated with 300 µl enzyme 
extract from the same source and 0.64 kBq exogenous [3H]HHA (acyl acceptor) at 
room temperature for 1 day. The total incorporated radioactivity ratio (%) illustrates 
the transacylase activity ex situ. Green line: with (+) exogenous enzyme. Red line: 
without (-) exogenous enzyme. Bars indicate standard errors (n=3).  
A value of 0.1% total incorporated radioactivity/50 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 12 cpm/50 mg epidermis.  
 
Optimization of the extraction buffer 
Different pH 5.5 extraction buffer concentrations (35- and 350-mM succinate-
Na+) were tested. However, there was no significant difference in the 
incorporated radioactivity ratios between them, no matter what else was 
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The addition of Triton X-100 helped extraction in the high-concentration 
buffer insignificantly (P > 0.05), compared with the samples in the same 









Figure 19. The optimization of the putative cutin-to-[3H]HHA transacylase 
extraction buffer for ex-situ assays. Experimental details were as in figure 16, 
except two buffer concentrations (35 and 350 mM) were assayed with or without 1% 
(v/v) Triton X-100 or 10 mM DTT for their abilities in extracting apoplastic enzymes. 
The prepared pea epicotyl epidermis (15 mg, acyl donor) was incubated with 0.64 
kBq exogenous [3H]HHA (acyl acceptor) under the standardised conditions. The 
total incorporated radioactivity ratio (%) illustrates the effects of buffers on the cutin-
to-[3H]HHA transacylase activity. Bars indicate range (n=2). *: P < 0.05.  
A value of 0.1% total incorporated radioactivity/15 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 12 cpm/15 mg epidermis.  
 
Dithiothreitol (DTT), a reducing agent preventing undesired disulphide bond 
formation was added to some extraction buffers (Konigsberg, 1972), but It 
had no significant effect (P (+ DTT vs. – DTT) > 0.05) (Fig. 19). These results 
demonstrated that the transacylase activity we are interested in was not 
affected by disulphide bond formation, suggesting that the cysteine residues 
Buffer only 1% Triton
X-100
10 mM DTT 1% Triton

























































are fairly scattered in the transacylase’s 3-dimensional (3-D) structure. 
Another possible explanation is that that DTT does not function properly at 
pH 5.5, but it has been reported that DTT is still active at pH 5 
(Wechtersbach and Cigić, 2007). Thus, only the first explanation was reliable.    
DTT and Triton X-100 were also added together to the extraction buffers, but 
they decreased the 3H incorporation slightly compare with the “buffer-only” 
group at the high concentration (P > 0.05), and the effect was even 
significant in the low-concentration “buffer-only” group (P < 0.05) (Fig. 19).  
In summary, both Triton X-100 and DTT provided a hint of improving the 
possible cutin-to-HHA transacylase extraction efficiency and its subsequent 
activity, and the high-concentration buffer with Triton X-100 was the best 
among the tested combinations. The CMNaOH hydrolysis was not carried out 
for this experiment because of the low incorporated radioactivity.  
This ex-situ assay was repeated with the high-concentration buffer only, to 
re-test the effects of Triton X-100 and DTT. Again, DTT did not affect the 
possible cutin-to-HHA transacylase activity (P > 0.05); Triton X-100 improved 
incorporation around to 150% higher than the buffer-only control, but not 
significantly (P > 0.05) (Fig. 20a). Samples incubated with enzyme extract 
containing both DTT and Triton X-100 showed incorporation ratios very 
similar to those containing Triton X-100 only (Fig. 20a), further suggesting 
that DTT was not required to maintain the proposed transacylase activity. 
CMNaOH hydrolysis assays showed similar results (Fig. 20b). Thus, 
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consistent with the last experiment, high-salt buffer with 1% Triton x-100 (v/v) 
was selected as the best extraction buffer.  
The unusually high CMNaOH-releasable radioactivity ratios (Fig. 20b) were 
very likely to be because a high amount of prepared pea epicotyl epidermis 
was used (50 mg dry weight instead of 15 mg in Fig. 19).  
  
Figure 20. A repeat test of optimizing the putative cutin-to-[3H]HHA 
transacylase extraction buffers for ex-situ assays. Experimental details were as in 
figure 17, except only the 350 mM succinate (Na+) buffer was used. The prepared 
pea epicotyl epidermis (50 mg; acyl donor) was incubated with 0.58 kBq exogenous 
[3H]HHA (acyl acceptor) under the standardised conditions. (a) The total 
incorporated radioactivity ratio (%) and (b) CMNaOH-releasable radioactivity ratio 
(%) illustrate the additives’ effects on the cutin-to-[3H]HHA transacylase activity. 
Bars indicate range (n=2).   
A value of 1% incorporated radioactivity/50 mg epidermis/supplied radioactivity 
corresponds to an absolute incorporation of 110 cpm/50 mg epidermis.  
 
The reproducible ex-situ [3H]HHA incorporation provided solid evidence that 
the proposed cutin-to-HHA transacylase was very likely to exist. Moreover, 
the ex-situ assays enabled us to obtain more hints about the proposed 
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transacylase’s properties, such as that its structure did not allow disulphide 
bonds formation.  
3.2.3 Effects of metal ions on cutin-to-HHA transacylase activity ex situ           
The cell wall has been believed to contain metal ions based on the finding of 
ion channels in cell membranes (e.g. Ca2+ and K+) (Hedrich, 1989). Moreover, 
Ca2+, Mg2+ and Zn2+ have been reported to dimerise rhamnogalacturonan II 
in cell wall (O’Neill et al., 1996; Matsunaga et al., 1997). The ions also affect 
cell wall re-modelling enzymes’ activity. For example, the polysaccharide re-
modelling enzyme, xyloglucan endotransglucosylase (XET), extracted from 
pea epicotyl was more active with Ca2+, Mg2+ and Mn2+ (Fry et al., 1992). 
There was no report about plant GDSLs as were aware, but the ones in 
bacteria, such as an esterase (estSL3) in Alkalibacterium, the activity was 
reported to be improved with 1 mM Ca2+, K+ and Mg2+ (Wang et al., 2016). 
Thus, possibly the putative cutin-to-HHA transacylase also requires metal 
ions, especially the divalent ions to be fully active. Enzymes were extracted 
by the optimized buffer (350 mM succinate-Na+, pH 5.5 with 1% Triton X-100 
v/v), and then divided into aliquots, followed by adding a selected metal ion 
solution to each one. The only two ions which had big effects on the putative 
transacylase activity were Cu2+ and Ca2+: They decreased and increased the 
[3H]HHA incorporation respectively (P > 0.05) (Fig. 21). The rest of the ions 
only imposed a mild effect on the transacylase activity insignificantly (P > 
0.05): the divalent metal ion chelator, EDTA and three heavy metals (Ni2+, 
Zn2+, Cu2+) slightly reduced compare with the control (Na+ from the buffer 
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preparation only); Mg2+ slightly increased the transacylase activity; and Fe2+ 
may did not impact the activity the transacylase activity (Fig. 21).                                                                 
                                                                                                                                               
Figure 21. Effects of metal ions on the putative cutin-to-[3H]HHA transacylase 
activity ex situ. Experimental details were as in figure 18, except the only 1% (v/v) 
Triton X-100 was added to the enzyme extract. The prepared pea epicotyl epidermis 
(10 mg; acyl donor) without endogenous enzymes was incubated with or without 
additional metal ions (final conc. = 10 mM) or EDTA (final conc. = 10 mM) and 
0.37 KBq exogenous [3H]HHA (acyl acceptor) under the standardised conditions. (a) 
The total incorporated radioactivity ratio (%) and (b) CMNaOH-releasable 
radioactivity ratios (%) illustrate the metal ions’ effects on the cutin-to-[3H]HHA 
transacylase activity. Bars indicate range (n=2).  
A value of 1% incorporated radioactivity/10 mg epidermis/supplied radioactivity 
corresponds to an absolute incorporation of 70 cpm/10 mg epidermis.  
 
As Ca2+ was the ion which had the biggest improving effect on the proposed 
transacylase’s activity, its effect was tested again with more replicates (n=6) 
ex situ. Samples with the addition of Ca2+ showed ~80% higher 3H total 
incorporation ratio than the Ca2+-free control in average, but not significantly 
(P > 0.05) (Fig. 22). CMNaOH hydrolysis was not carried out because of the 
low incorporation ratio compared with the previous experiment (i.e. around 5 
times lower), caused by the usage of less epidermis than above.  




































































































































Figure 22. Effects of Ca2+ ions on the putative cutin-to-[3H]HHA transacylase 
activity ex situ. Experimental details were as in figure 19, except the prepared pea 
epicotyl epidermis (3 mg; acyl donor) without endogenous active enzyme was only 
incubated with or without CaCl (final conc. = 10 mM) and 0.11 kBq exogenous 
[3H]HHA (acyl acceptor) under the standardised conditions. The total incorporated 
radioactivity ratio (%) illustrates the effects of Ca2+ on the cutin-to-[3H]HHA 
transacylase activity. Bars indicate standard errors (n=6).  
A value of 0.1% total incorporated or CMNaOH-releasable radioactivity/3 mg 
epidermis/supplied radioactivity corresponds to an absolute incorporation of 2 cpm/3 
mg epidermis.  
 
In summary, these results suggested that Ca2+ can promote the possible 
cutin-to-HHA transacylase activity, but not dramatically, similar to the 
reported GDSL enzyme, estSL3 in bacteria (Wang et al., 2016). Moreover, it 
does not require a metal co-factor as some bacteria GDSLs have been 
reported (Kim et al., 2012; Wang et al., 2016). 
Besides the effects on the transacylase activity, the effects of metal ions on 
the enzyme extraction efficiency were also investigated. The experimental 






















































procedures were the same as above, but the metal ions were added during 
extraction.  
Similar to the results above (Fig. 21a), only Ca2+ and Mg2+ slightly improved 
the extraction efficiency and the activity of the putative cutin-to-[3H]HHA 
transacylase (P > 0.05); and EDTA did not affect either extraction or the 
transacylase activity, whereas Zn2+, Ni2+, Fe2+ and Co2+ reduced the 
extraction efficiency and/or activity; especially the effect of Co2+ was 












Figure 23. Effects of metal ions on the putative cutin-to-[3H]HHA transacylase 
extraction efficiency. Experimental details were as in figure 19, except the metal 
ions and EDTA (final conc. = 10 mM) were added during extraction; and 0.48 kBq 
exogenous [3H]HHA was supplied as the acyl acceptor. The total incorporated 
radioactivity ratio (%) illustrates the metal effects on the cutin-to-[3H]HHA 
transacylase extraction efficiency. Bars range (n=2). **: P < 0.01.  
A value of 1% total incorporated radioactivity/10 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 90 cpm/10 mg epidermis.  
 


























































Taken together, the possible cutin-to-HHA transacylase was reproducibly 
confirmed not require a metal co-factor, but the addition of Ca2+ and Mg2+ can 
be beneficial to the activity and extraction efficiency.  
3.3 Cutin-to-HHA transacylase product analysis 
The significant difference of the incorporation ratio between un-denatured 
and denatured epidermis samples above have demonstrated preliminarily 
that the exogenous 3H from [3H]HHA can be incorporated into epidermis 
enzymically. The hydrophobic alkaline (CMNaOH) hydrolysis assays 
provided a preliminary indication that [3H]HHA was incorporated by forming 
ester bonds, very likely to be with cutin. To eliminate all other possibilities, 
such as wax–[3H]HHA, protein–[3H]HHA and polysaccharide–[3H]HHA, a 
series of chemical and enzymic treatments was applied.  
Pea epicotyl epidermis with or without active endogenous enzymes was 
incubated with [3H]HHA in situ under the standardised conditions as above. 
The MFW-washed epidermis samples were then subjected to the enzymic 
product analysis as below.  
3.3.1 Modifications of the un-bonded [3H]HHA  
The first solvent used to wash away non-bonded radioactivity was the MFW 
(pH ~1.7), which removed ~70% of the supplied radioactivity in 1 hour (data 
not shown). The washings were collected and analysed by TLC (Fig. 24), 
which showed that after 24 h incubation, still some exogenous [3H]HHA had 
not been incorporated, indicating that the supplied [3H]HHA was adequate.  
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The free [3H]HHA was metabolised into 6 other compounds (Fig. 24). Most of 
them were un-identified, so I roughly divided the metabolites into two classes: 
the ones that migrated further than [3H]HHA did were “hydrophobic 
metabolites”, and the ones nearer the origin were “hydrophilic metabolites”, 
because the more hydrophobic compounds migrate further in this TLC 
developing system (exemplified in Fig. 25: TLC staining of HA and HHA 
markers).   
Based on the RF of di-[3H]HHA ester (RF = 0.25±0.01), which we synthesized 
in the lab (Appendix 4), there was no di-ester, such as a fatty acid–[3H]HHA 
conjugate (produced with cutin precursor, 2-MAG, as the acyl donor, and 
exogenous [3H]HHA as the acceptor) dissolved in the MFW (Fig. 24). 
Nevertheless, we cannot exclude that oligoesters with other lengths were 
formed and dissolved. For example, the peaks near the origin (RF = 0.017–
0.141) may represented high-Mr products. Another unknown peak (RF = 
0.644) was annotated as putative 16-oxohexadecanoic acid (OHA) based on 
our chemical synthesis tests (Appendix 5). It may have been generated 
because of the overnight drying process in the SpeedVac, which produces a 
mild heat and may have oxidized the [3H]HHA (Appendix 5).  
The total radioactivity solubilised in the MFW from the un-denatured 
epidermis samples was ~0.8× that from the denatured control [Fig. 24: 




















Figure 24. Chromatographic analysis of the acidified methanolic wash of 
[3H]HHA-incubated epidermis samples. Blot-dried pea epicotyl epidermis (100 mg; 
acyl donor) with or without active endogenous enzymes was incubated with 
exogenous 12.7 kBq [3H]HHA (acyl acceptor) in 600 µl pH 5.5 buffer for 24 h under 
the standardised conditions. MFW (9/1/1) was used to stop reactions and the 
supernatant was dried, and the residue was re-dissolved in a small volume of MFW, 
which was then loaded onto TLC plates (toluene/acetic acid, 9/1 v/v, 3 ascents). (a) 
Two external [3H]HHA markers. (b). MFW of un-denatured epidermis samples. (c). 
MFW of denatured (control) epidermis samples. The solubilised substances were 
localised by radio-scanning the TLC plates for 1 h per lane (spatial resolution: 0.086 
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cm) (unit: counts). RF values annotated to each peak were calculated as follows: 
migration distance of a peak / distance from the loading origin to the solvent front.  
 
3.3.2 Wax–[3H]HHA conjugates in the enzymic products 
Different from cutin, wax lipids can be dissolved in neutral organic solvents, 
because it is dominated by very long alkane (e.g. C29 n-alkanes in 
Arabidopsis stem cuticle); and only 1% is oligoester e.g. in Arabidopsis stem 
wax (reviewed by Kunst and Samuels, 2003). Noticeably, the wax oligoester 
is also a potential transacylase donor, so its conjugate with [3H]HHA and the 
product we were interested in, cutin–[3H]HHA, should be carefully 
distinguished from each other.  
More neutral hydrophobic solvents were applied after the MFW wash: 
toluene and CM (2/1, v/v), especially the latter, has been reported to be able 
to remove wax (Yeats et al., 2010).   
Toluene was applied to epidermis samples after the MFW, and it dissolved 
~11% of the supplied radioactivity from the un-denatured epidermis samples, 
but only 0.92% from the denatured control (Fig. 25a), indicating that some 
enzymic products were being dissolved in the toluene. The toluene extract 
was analysed by TLC as well, showing that toluene mainly dissolved the 
most hydrophobic [3H]HHA metabolite (RF = 0.778), which co-migrated with 
HA; and the majority of other metabolites had already been removed by 
MFW (Fig. 26a). The negligible peaks from the denatured control further 
confirmed that the compound solubilised in toluene from un-denatured 
samples was an enzymic product (Fig. 26b).  
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This solubilised compound was not identified in this project, even though it 
shared the same RF with HA (i.e. removal of the terminal –OH group by a 
hydratase may turn [3H]HHA into [3H]hexadecenoic acid).  
 
Figure 25. Quantification of all the chemical extractions and MFW-insoluble 
residues of [3H]HHA-incubated pea epicotyl epidermis. (a). After MFW wash, 
aliquots of the supernatants of the toluene, CM (2/1, v/v), CMW (10/10/3, v/v/v), 
CMNaOH (10/10/3, v/v/v) and 0.1% (w/v) XEG treatments of the [3H]HHA (12.7 
kBq)-incubated pea epicotyl epidermis (100 mg) were scintillation counted. (b). The 
insoluble residues were scintillation counted after all the extraction and degradation 
treatments. UD: un-denatured pea epicotyl epidermis samples. D: denatured (control) 
epidermis samples. Bars indicate range. *: P < 0.05.  
A value of 1% incorporated radioactivity/100 mg epidermis/supplied radioactivity 
corresponds to a calculated (for CMNaOH) or absolute (for toluene etc.) 
incorporation of 2400 cpm/100 mg epidermis.                                                                                                                                 
 
The peak near origin in the toluene may represent cutin-related oligoester–
[3H]HHA conjugates, because it was not released from the denatured control, 
and the migration was expected to be slow (Fig. 26). Thus, the peak (RF = 
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Figure 26. Chromatographic analysis of the neutral hydrophobic solvent washes 
of [3H]HHA-incubated pea epicotyl epidermis. The toluene, CM (2/1, v/v) and 
CMW (10/10/3, v/v/v) washes of the [3H]HHA (12.7 kBq)-incubated pea epicotyl 
epidermis (100 mg) were subjected to TLC as above. The TLC plates were then cut 
into 1-cm (migration distance) strips, which were scintillation counted (unit: cpm). 
Supernatants from both un-denatured pea epicotyl epidermis samples (a) and the 
denatured control (b) were analysed.  
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The external markers (non-radioactive HHA and HA) were revealed by staining with 
iodine-vapour. 
 
In summary, toluene removed the most hydrophobic [3H]HHA metabolites 
and putative oligoester–[3H]HHA conjugates, which were not removed by 
MFW efficiently.   
Some enzymic products were also found to be dissolved in the following CM 
wash, because ~3% of the supplied radioactivity was detected from the un-
denatured epidermis samples, but only a negligible amount from the 
denatured control (Fig. 25a). CM also mainly dissolved the same 
hydrophobic [3H]HHA metabolite and the putative oligoester–[3H]HHA 
conjugates as toluene did (Fig. 26a), but the quantity was much smaller. 
Together with the negligible radioactivity released from the denatured control 
(Fig. 25 & 24b), the results indicated that these solvents removed un-bonded 
radioactivity efficiently.  
CMW (10/10/3, v/v/v) was another hydrophobic solvent mixture, but more 
hydrophilic than the CM above. It was applied after the above washes, to 
remove [3H]HHA and its relatively hydrophilic metabolites, and in the 
meanwhile also acted as a control for later CMNaOH hydrolysis (10/10/3, 
v/v/v).  
Only a trace (~0.4%) radioactivity was dissolved in CMW from un-denatured 
epidermis samples (Fig. 25a), and the TLC analysis showed that the 
hydrophobic [3H]HHA metabolite cannot be detected in this solvent mixture, 
only a small peak (~50 cpm) near the origin, which was also found in the 
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denatured control (~40 cpm) (Fig. 26). These results may suggest that this 
peak actually represents a hydrophilic metabolite of [3H]HHA or an artefact, 
because the putative wax oligoester–[3H]HHA conjugates should be totally 
removed by more hydrophobic solvents than CMW, as the most hydrophobic 
metabolite was (Fig. 26).  
The denatured control released even less radioactivity into CMW (10/10/3) 
(0.05%) than the un-denatured epidermis samples, and besides the peak 
near the origin, it also released a trace of un-bonded [3H]HHA (RF = 0.389) 
(evidenced by the staining of non-radioactive markers and counting of 
radioactive markers), which was not observed in the toluene and CM, 
providing evidence that the CMW dissolves [3H]HHA efficiently (Fig. 26b), 
thus a good solvent for the subsequently used NaOH hydrolysis. Another 
peak (RF = 0.611) was unidentified (Fig. 26b).  
In conclusion, four acidic or neutral hydrophobic solvent mixtures were used 
to remove [3H]HHA and its metabolites, which were not bonded to polymeric 
cutin. The potential wax oligoester–[3H]HHA conjugates were concluded not 
to be found because the possibly representative peak nearby origin was not 
dissolved in hydrophobic solvents (e.g. CM) efficiently as expected. The 
amount of dissolved radioactivity was decreasing from the first applied 
mixture (MFW) to the last (CMW), indicating that these washes thoroughly 





3.3.3 Possible protein–[3H]HHA conjugates in the enzymic products 
Even though the protein-to-[3H]HHA transacylation reaction has never been 
reported, β-carboxy groups of asparagine and γ-carboxy group of glutamine 
(activated acyl groups by –NH2), as well as the C-terminal carboxy groups of 
amino acids can potentially act as the donor (reviewed by Lamport, 1970), 
forming protein–HHA ester bonds.  
In the preliminary experiments, proteinase K (from porcine liver) was applied 
to the thoroughly washed (by toluene etc.) epidermis samples to hydrolyse 
proteins (Chapter 2, Table 1), which in turn may release any amino acid–3H 
conjugates, if the incorporation was catalysed by a protein-to-HHA 
transacylase. Free 3H may also be released by proteinase K if it can catalyse 
ester hydrolysis (reviewed by Hedstrom, 2002).  
The amount of proteinase K-releasable radioactivity from un-denatured 
epidermis samples was equally negligible (~0.25% of supplied radioactivity) 
as the buffer (without proteinase K, control) alone, indicating that essentially 
no [3H]HHA was covalently bonded to cell wall proteins (Fig. 27). Both un-
denatured samples released much more (~8-fold) 3H than the denatured 
samples with proteinase K may be because the buffer (pH 8.8) is basic 
enough to break some ester bonds between cutin and 3H in un-denatured 















Figure 27. Quantification of cell wall protein–[3H]HHA conjugates of [3H]HHA-
incubated pea epicotyl epidermis. Blot-dried pea epicotyl epidermis (50 mg; acyl 
donor) with or without active endogenous enzymes was incubated with 1.2 kBq 
exogenous [3H]HHA in 300 µl pH 5.5 buffer at room temperature for 24 h. After all 
the MFW (9/1/1), toluene, CM (2/1) and CMW (10/10/3) extraction, the insoluble 
residue was incubated with or without 3 U proteinase K in 1 ml of pH 8.8 (50 mM 
ammonium-acetate) buffer 37°C for 3 days. The supernatant was scintillation 
counted as above. UD: un-denatured pea epicotyl epidermis samples. D: denatured 
(control) epidermis samples. Bars indicate standard errors (n=3) for the ‘UD + 
Proteinase K’ group. Bars indicate range (n=2) for the ‘D + Proteinase K’ group.  
A value of 0.1% proteinase K-releasable radioactivity/50 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 23 cpm/100 mg epidermis.  
 
The results above was reproducibly observed in other preliminary 
experiments, demonstrating that no 3H from [3H]HHA was not covertly 
bonded with proteins, and therefore this treatment was neglected in rest of 
the experiments.  
 
 





























































3.3.4 Probable cutin–[3H]HHA conjugates in the enzymic products 
Lipase in general hydrolyses water-insoluble esters (Chahinian and Sarda, 
2009), so a lipase from Aspergillus niger was applied to the epidermis 
samples, which had been washed and digested in the organic solvent 
treatments and Proteinase K above, in order to release the putatively cutin-
ester-bonded [3H]HHA.  
However, even though the lipase activity was detectable by using commercial 
p-nitrophenyl palmitate (p-NPP) as the substrate (Appendix 2), it only 
released negligible amount of incorporated 3H from both un-denatured and 
denatured epidermis samples (~0.16 and 0.13% of the supplied radioactivity) 
(P (un-denatured vs. denatured) > 0.05) (Fig. 28a). Thus, the Aspergillus lipase is not 
an efficient enzyme with which to look for the cutin–[3H]HHA conjugates.  
Cutinase (AN7541.2) from A. nidulans was predicted to function as a cutin 
hydrolase because its nucleotide sequence aligned with identified cutinases 
from A. fumigatus and A. oryzae (Liu et al., 2009; Baker et al., 2012; Ping et 
al., 2017).  
I cultivated the engineered Pichia pastoris (strain: SB), which produced the 
secretory cutinase heterologously (Bauer et al., 2006) (Appendix 1), and the 
culture medium containing cutinase was then isolated and freeze-dried to be 
used for the cutin–[3H]HHA hydrolysis experiment. However, even though the 
cutinase can hydrolyse p-NPP very efficiently (Appendix 1), it was unable to 
release the cutin-bonded [3H]HHA from un-denatured epidermis (~0.07% of 
supplied radioactivity), and not significantly different from the denatured 
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control (P > 0.05) (Fig. 28b). Moreover, cutinase essentially released less 
radioactivity than the buffer alone (pH 8.0) (Fig. 28b), further indicating that it 
cannot be used in hydrolysing cutin–3H ester bonds. 
                                                  
Figure 28. Quantification of cutin–[3H]HHA conjugates of [3H]HHA-incubated 
pea epicotyl epidermis by enzyme degradations. Experimental details were as in 
figure 25, except 0.85 kBq exogenous [3H]HHA was supplied as the acyl acceptor, 
and the CMW-insoluble residue was incubated with 0.02 U lipase in 1 ml of pH 7.5 
(50 mM collidine-acetate) buffer at 25°C for 3 days. (b). After the lipase digestion, 
the insoluble residue was incubated with or without 0.45% (w/v) cutinase in 1 ml of 
pH 8.0 (50 mM collidine-acetate) buffer at 37°C for 3 days. UD: un-denatured pea 
epicotyl epidermis samples. D: denatured (control) epidermis samples. Bars indicate 
standard errors (n=3).  
A value of 0.1% releasable radioactivity/50 mg epidermis/supplied radioactivity 
corresponds to an absolute incorporation of 16 cpm/100 mg epidermis.  
  
Thus, this annotated cutinase does not function as the prediction, at least not 
detectable by using the radio-chemical technique. Another explanation is that 
3H was not incorporated into cutin. This possibility was further investigated 
below.  
In summary, two lipases were tested, but neither the general nor the more 
specific one hydrolysed the putative cutin–[3H]HHA in vitro.  













































































































Alternatively, the CMNaOH mixture used in the earlier experiments was 
employed to find out whether 3H from [3H]HHA was incorporated via ester 
bonds. The advantage of CMNaOH compared with the lipases is that it 
hydrolyses esters more efficiently, but also less specific as a disadvantage.  
As Figures 23a and 24a show, negligible [3H]HHA was extracted from un-
denatured epidermis samples by neutral CMW, but CMW containing 0.5 M 
NaOH, released ~2.8% of the supplied radioactivity from un-denatured 
epidermis samples, and only 0.8% from the denatured epidermis samples 
(Fig. 25a), suggesting that some enzymically incorporated radioactivity was 
released by alkali. Moreover, the majority of the released radioactivity was 
identified as [3H]HHA (RF = 0.359–0.364) (Fig. 29: TLC staining and radio-
scanning of external markers), which was only a negligible peak from the 
denatured control, providing solid evidence that the exogenous [3H]HHA was 













































Figure 29. Chromatographic analysis of the CMNaOH-hydrolysed radioactivity 
from [3H]HHA-incubated pea epicotyl epidermis. The CMNaOH supernatant 
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from the [3H]HHA (12.7 kBq)-incubated pea epicotyl epidermis (100 mg) was 
acidified and then phase-partitioned between hydrophobic solvents and water to 
remove salts, and the hydrophobic layer containing any [3H]HHA-related compounds 
was subjected TLC as above, which were then radio-scanned for 1 h per lane (spatial 
resolution: 0.086 cm) (unit: counts). RF values are annotated to each peak, calculated 
above. UD: un-denatured pea epicotyl epidermis samples. D: denatured (control) pea 
epicotyl epidermis samples.  
The external HHA markers were revealed by staining with iodine vapour. 
 
The peak near the origin (RF = 0.008–0.012) was also found in the neutral 
CMW extract (Fig. 25a), but more of it was released by CMNaOH because 
the radio-scanner (unit: counts) (Fig. 29) is less sensitive than scintillation 
counting with scintillation fluid (unit: cpm) (Fig. 25a). Furthermore, this peak 
was absent in the control sample (denatured epidermis), indicating that it is 
an enzymic product (Fig. 29). Even though it was unidentified in this thesis, it 
further confirmed that it does not represent wax oligoester–[3H]HHA 
conjugates, which should not be intact after CMNaOH hydrolysis.  
The other peak (RF = 0.696–0.701), which had been predicted to be OHA 
above, was not seen in CMW and other neutral organic solvents, but only 
emerged in CMNaOH of un-denatured epidermis samples, (Fig. 21a, 20 and 
27). It was proposed to be produced by oxidizing the CMNaOH-releasable 
[3H]HHA during SpeedVac drying process as above (Fig. 24).  
In summary, these results indicate that [3H]HHA together with its two putative 
metabolites were ester bonded within the epidermis, possibly to cutin.  
Since the possibility of wax oligoester being an acyl donor was not supported, 
and its absolute quantity in the epidermis is much smaller than that of cutin, 
and hence the most plausible remaining epidermal components to form ester 
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bonds with the –OH group of [3H]HHA and its metabolites were cutin and 
methyl esterified galacturonic acid, because they both have activated acyl 
groups. However, the later possibility was not very likely, because as I have 
stated in Chapter 1, PME, the enzyme that transfers the acyl group of a 
methyl esterified galacturonan to a water molecule (in hydrolysis) is not in the 
same family as CD1, differentiating the substrate specificities; and the methyl 
esterified [3H]GalA8-ol did not have detectable acyl donor ability in situ under 
comparable conditions (Chapter 4).  
Thus, cutin was the most feasible candidate to form ester bonds with 
exogenous [3H]HHA and its metabolites. This is the first experimental 
evidence that the cutin-to-hydroxy fatty acid transacylase activity exists.  
3.3.5 Possible polysaccharide–[3H]HHA conjugates in the enzymic products  
Another big class of epidermal components are cell wall polysaccharides. 
One of the possible scenario is that the reducing ends of polysaccharides 
form glycosidic bonds with [3H]HHA as in the glycosidic bonds in XET 
product (Thompson and Fry, 2001); a less feasible possibility is that the 
inactivated carboxy group of [3H]HHA form ester bonds with the hydroxy 
groups of xyloglucan. To eliminate these possibilities, I digested the insoluble 
residue of the CMNaOH-hydrolysed epidermis samples with 0.1% (w/v) XEG 
(Pauly et al., 1999) (Chapter 2, Table 1).  
Only equally negligible radioactivity (0.04% of supplied radioactivity) was 
released from both un-denatured and denatured epidermis samples (Fig. 
25a), indicating that not only xyloglucan, but also other polysaccharide were 
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not involved in the observed radioactivity incorporation, because XEG 
released almost the whole CMNaOH-insoluble 3H (Fig. 25b). This result 
further supported the suggestion that cutin was the only epidermal 
component, which was covalently bonded with 3H from [3H]HHA.   
3.3.6 Possible cutan–[3H]HHA conjugates in the enzymic products 
Cutan is a non-hydrolysable aliphatic polymer in land plants, composed of n-
alkane or alkene units (C8–35) interlinked by ether bonds, but it is unknown 
whether it exists in pea epicotyl epidermis since it is less common than cutin 
(Gupta et al., 2006). To test the presence of cutan–[3H]HHA (i.e. the alkali-
insoluble residues), the residues left after the chemical and enzymic 
treatments above were scintillation counted. Only background radioactivity 
was detected in both un-denatured epidermis samples and the denatured 
control, indicating that there was no cutan–[3H]HHA conjugate in pea epicotyl 
epidermis (Fig. 25b). In future experiments, the CMNaOH-insoluble residues 
could be combusted for scintillation counting to achieve a higher counting 
efficiency.  
Taken together, a series of degradation treatments was applied to in-situ 
assayed epidermis samples (acyl acceptor: [3H]HHA), to remove 
interferences and identify the cutin-to-HHA transacylase product. The 
chemical analysis (TLC method) showed that exogenous [3H]HHA was 
metabolised into different compounds, most of which were washed away by 
the MFW, the rest were removed by toluene, CM and CMW. The CMNaOH 
hydrolysis enabled us for the first time to demonstrate that [3H]HHA and its 
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metabolites were incorporated via forming ester bonds, likely with cutin, in 
situ. This novel transacylase activity was thus named as cutin-to-HHA 
transacylase in this chapter.  
3.4 Attempts to identify the putative cutin-to-HHA transacylase  
3.4.1 CD1 activity on [3H]HHA in situ 
Cutin-to-HHA transacylase activity was found for the first time, but the 
transacylase protein was not identified. As the only well-known cutin 
transacylase, CD1 (Yeats et al., 2012) was proposed to be a candidate. Thus, 
even though tomato fruit was not a good model for testing cutin-to-HHA 
transacylase activity, cd1-knockout M82 tomato fruit epidermis was 
compared with the WT fruit epidermis in the in-situ cutin-to-HHA transacylase 
assay.  
The incorporation was very low in both samples, but not absolutely nothing 
because the un-denatured samples of both genotypes incorporated more 3H 
than the denatured control did (P (WT un-denatured vs. WT denatured) < 0.05; P (cd1-
knockout un-denatured vs. WT denatured) < 0.01) (Fig. 30). However, the WT epidermis 
only incorporated slightly higher [3H]HHA than cd1 mutant did (P > 0.05) (Fig. 
30), suggesting that CD1 was at least not the sole enzyme for the cutin-to-















Figure 30. The comparison between the putative cutin-to-[3H]HHA transacylase 
activities in WT and cd1-knockout tomato fruit (cv. M82) epidermis in situ. The 
epidermis samples (50 mg; acyl donor) with or without endogenous active enzymes 
were incubated with 0.95 kBq exogenous [3H]HHA (acyl acceptor) under the 
standardised conditions as all the in-situ experiments above. The incorporated 
radioactivity ratio (%) illustrates the endogenous cutin-to-[3H]HHA transacylase 
activity. Bars indicated standard errors (n=3). For ‘WT, denatured’ samples, bars 
indicate range (n=2).  
A value of 0.1% total incorporated radioactivity/50 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 18 cpm/50 mg epidermis.  
 
3.4.2 His6-tagged CD1 transacylase activity on HHA and [3H]HHA  in vitro 
CD1 was also heterologously expressed in Nicotiana benthamiana (Appendix 
7) with a C-terminal His6-tag (because it is a secreted apoplastic enzyme, an 
N-terminal His6-tag might interfere with the secretory signalling peptide). The 
His6-tagged CD1 was extracted by a modification of the published protocol 
(Yeats et al., 2012, supplementary), purified by immobilised metal affinity 
chromatography (Co2+), dialyzed against water to de-salt, and freeze-dried. 
The purified His6-tagged CD1 (native size = 40 kDa; His6-tag = 1 kDa) in the 
last two eluents was identified on SDS-PAGE, via Coomassie blue staining 























































and immuno-staining (western blot) (Fig. 31a and b). WT samples (without 
transformation) did not show the 41 kDa band in the last two eluents (Fig. 
31c) and no such bands by Western-blot as well (Fig. 31d), providing 
evidence that CD1 was specifically produced in CD1-transformatted tobacco. 
However, the transformation step seems enhances other unspecific protein 
productions (Fig. 31c and d). Its activity was assayed spectrophotometrically 
and radio-chemically as below. 
  



































Figure 31. The detection of His6-tagged CD1 by Coomassie and immune-
staining. The immobilized metal affinity column-purified His6-tagged CD1 was 
concentrated 100-fold after dialysis and freeze-drying. It was analysed by SDS-
PAGE (discontinuous system), and then one of the gels was stained by 0.006% 
Coomassie Brilliant Blue R-250 (dissolved in 10% acetic acid) overnight (a); the 
other one was stained by monoclonal anti-poly-His–HRP antibody, and visualized by 
exposing to an X-ray film for 1 s (b). The E3 and E4 containing a His6-tagged protein 
at ~40 kDa (a) (b), compared with the protein ladder. Ex: crude extract. F1–F2: 
flowthrough 1–2. W: wash. E1–E4: eluents 1–4 (50 mM phosphate-Na+, 300 mM 
NaCl and 10–270 mM imidazole). (c) and (d) were obtained by the same 
experimental steps as (a) and (b) respectively, but with WT samples.  
*: The protein ladder was not His6-tagged, so not stained by the anti-poly-His–HRP 
antibody.  
**: The non-His6-tagged proteins were stained by the anti-poly-His–HRP antibody 
probably due to the high concentration of antibody (1:1500), and/or of the high 





Assay His6-tagged CD1’s transacylase activity spectro-photometrically 
The purified His6-tagged CD1 (E3 and E4; Fig. 31) was incubated with pNPP 
as the acyl donor, and each of various cutin components: non-radiolabelled 
HHA, HA (a control as in Fig. 17), p-coumaric acid and ferulic acid (Hunt and 
Baker, 1980; Kosma et al., 2010; Rautengarten et al., 2012; reviewed by Fich 
et al., 2016) as the acyl acceptors (exemplified by Fig. 32). However, CD1 
activities in the presence of these four compounds were even lower than with 
water only (P < 0.01). I hypothesized that it might be because they were not 
completely dissolved in the aqueous buffer like isopropanol and propanol 
were (Fig. 33), resulting in a suspension (invisible particles), which may 
impede the mobility of CD1. In addition, the insignificant difference (P > 0.05) 
between HHA and HA indicated that as HA, HHA was also not the acyl 
acceptor under the catalysis of CD1 (Fig. 33). This result suggested that CD1 
did not use HHA or the other tested compounds as the acyl acceptors, but a 
potential hydrolysis reaction was detected (~27% pNPP was hydrolysed).  
 
Figure 32. The proposed pNPP-to-HHA transacylation reaction mechanism. The 
palmitic acid residue in the pNPP (acyl donor) was hypothesized to be transacylated 
onto the terminal hydroxy group of the HHA (acyl acceptor), under the catalysis of 
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purified His6-tagged CD1, producing a palmitate-HHA ester molecule and a free 
pNP molecule per reaction. pNPP: p-nitrophenyl palmitate; pNP: p-nitrophenol.  
 
Isopropanol and propanol were also assayed as acyl acceptors, since their 
free hydroxy groups might have enabled them to be acyl acceptors. The CD1 
activity with these two compounds was not significantly different from with 














Figure 33. The CD1 in-vitro activity on pNPP with various acyl acceptors (cutin 
components). The artificial acyl donor, pNPP (final conc. = 5 mM) was incubated 
together with potential acceptors (natural cutin components and alcohols; final conc. 
= 0.1% w/v) with or without the purified His6-tagged CD1 (1 µg) in 100 µl pH 6.0 
buffer at 25°C for 3 days. The CD1 activity was illustrated by quantifying one of the 
products, pNP by A405 at pH 7.15±0.02 (dilution factor = 1.2). The actual CD1 
activity was calculated as follows: reaction mixture A405 – the sum of (pNPP-only 
A405 and CD1-only A405). The solvents-only A405 provided a blank, and the pNP A405 
provided a reference if the pNPP was completely hydrolysed. pNPP: 0.5 mM p-
nitrophenyl palmitate; pNP: 0.5 mM p-nitrophenol. Bar indicate standard errors 


































































The observed potential ester (pNPP) hydrolysis activity of CD1 was further 
validated by comparing activities of the purified His6-tagged CD1 with the 
same amount of proteins (extracted and eluted from the same Co2+ column 
as the CD1; E3 and E4 were used) from WT tobacco leaves. Unlike CD1, 
which hydrolysed ~18% of the pNPP in this experiment, the same amount of 
the WT proteins (measured by A280) did not have any ester hydrolysis activity 
(P (+ WT protein vs. – WT protein) > 0.05), not even with the 10 times more 
concentrated WT proteins (Fig. 34).  
 
 











Figure 34. CD1 vs. WT proteins compared for their pNPP hydrolysis activity in 
vitro. Experimental details were as in figure 31, except native proteins from WT N. 
benthamiana leaves (1 or 10 µg; obtained by pooling the 3rd and 4th eluent from Co2+ 
column) were also assayed with His6-tagged CD1 (1 µg) as a control. Any enzyme-
catalysed hydrolysis activity was calculated as follows: reaction mixture A405 – the 
sum of [- Enzyme (pNPP-only) A405 and enzyme-only A405). The solvents-only A405 
provided a blank, and the pNP A405 provided a reference as figure 31. pNPP: 0.5 mM 































p-nitrophenyl palmitate; pNP: 0.5 mM p-nitrophenol. Bars indicate standard errors 
(n=8). **: P < 0.01.  
 
Assay His6-tagged CD1’s transacylase activity radio-chemically 
The purified His6-tagged CD1 was also incubated with prepared pea epicotyl 
epidermis (no active endogenous enzymes; see Chapter 2), which acted as 
the acyl donor, and [3H]HHA was the acyl acceptor as in most other 
experiments. Consistent with the in-situ and in-vitro spectrophotometry 
assays, CD1 did not catalyse the [3H]HHA incorporation, as shown by the 
negligible difference between the samples with and without CD1 (Fig. 35). 
The same results were reproducibly observed in two other independent 









Figure 35. CD1 shows negligible cutin-to-[3H]HHA transacylase activity in vitro. 
The prepared pea epicotyl epidermis (10 mg; acyl donor) without active endogenous 
enzymes was incubated with 1.1 kBq exogenous [3H]HHA (acyl acceptor) with or 






















































without CD1 (1 µg) in 300 µl pH 5.5 buffer at room temperature for 1 day. The 
incorporated radioactivity ratio (%) illustrates the CD1’s cutin-to-[3H]HHA 
transacylase activity. No bars (n=1).  
A value of 0.1% total incorporated radioactivity/10 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 20 cpm/10 mg epidermis.  
 





+ CD1 incorporated 3H of 
the supplied 3H ratio (%) 
- CD1 incorporated 3H 




[3H]HHA 0.02% (n=1) 0.01% (n=1) 
Pea epicotyl 
cutin 
[3H]HHA 0.1 % (n=1) 0.13% (n=1) 
Pea epicotyl 
cutin 
[3H]HHA 0.06% (n=1) 0.06% (n=1) 
 
All the results clearly indicated that CD1 is not the cutin-to-HHA transacylase 
we observed, which requires to be identified in the future. The ester 
hydrolysis activity was also reported by Yeats et al. (2014), but the cutin 
precursor, 2-MHG was used, instead of the pNPP here.  
3.5 Age effect on cutin-to-HHA transacylase activity 
In the cutin-to-HHA in-situ assays above, I used young, rapidly expanding 
epidermis, such as from the 7-day pea epicotyls. However, screening more 
developmental stages might provide a hint for the newly discovered cutin-to-




3.5.1 Cutin-to-HHA transacylase activity through tomato fruit development 
The whole developmental progress of cv. Ailsa Craig tomato fruit epidermis 
was assayed with [3H]HHA as the acyl acceptor in situ. The cutin-to-HHA 
transacylase activity peaked on 14 DAA (Fig. 36), and then gradually went 
down, indicating that tomato fruit mainly has it at young, rapidly expanding 
stages. Moreover, this age was consistent with the peak of CD1 protein (15 
DAA; Yeats et al., 2012). This correlation might indicate that even though the 
cutin-to-HHA transacylase was not CD1, they may share the same promoter, 
providing additional information for future identification. CMNaOH hydrolysis 
was not undertaken because the incorporation ratio of 3H was very low; and 









Figure 36. Effects of tomato fruit development on the putative cutin-to-
[3H]HHA transacylase activity in situ. Tomato (cv. Ailsa Craig) fruit epidermis 
samples (50 mg; acyl donor) with or without active endogenous enzymes were 
incubated with 0.26 kBq exogenous [3H]HHA (acyl acceptor) in 300 µl pH 5.5 
buffer at room temperature for 1 day. The CMNaOH-releasable radioactivity ratio 





















































 Un-denatured  Denatured
Days after anthesis (DAA)
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(%) illustrates the effects of development on the endogenous cutin-to-[3H]HHA 
transacylase activity. MG: mature green (growth stopped). BR: breaker (10% colour 
change). TR: turner (30% colour change). OR: orange. LR: light red. DR: deep red. 
Bars indicate range (n=2).  
A value of 0.1% total incorporated radioactivity/50 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 5 cpm/50 mg epidermis. 
 
3.5.2 Cutin-to-HHA transacylase activity through ice plant leaf expansion 
The same trend was also observed in ice plant leaf adaxial epidermis: the 
transacylase activity decreased with leaf expansion, evidenced by 10–30% 
higher (P > 0.05) 3H incorporation in the un-denatured epidermis from smaller 
leaves than in the bigger leaves’ epidermis, and the quantity of cutin-bonded 
3H incorporated decreased linearly with age (Fig. 37a). In another 
comparable experiment, young, rapidly expanding ice plant leaves’ adaxial 
epidermis incorporated >2-fold more 3H enzymically than the fully expanded 
leaves’ epidermis did (P < 0.01) (Fig. 37b).  
The un-denatured epidermis samples produced significantly more CMNaOH-
releasable 3H than the denatured control in both experiments (Fig. 37), 





                                                                                                                                 
Figure 37. Effects of ice plant leaf expansion on the putative cutin-to-[3H]HHA 
transacylase activity in situ. (a). Epidermis (50 mg; acyl donor) from different sizes 
of expanding ice plant leaves was compared by incubating with 0.67 kBq exogenous 
[3H]HHA (acyl acceptor) in 300 µl pH 5.5 buffer at room temperature for 1 day. (b). 
Experimental details were as in (a), except epidermis samples from expansion-ceased 
leaves were assayed as well as the rapidly-expanding samples by incubating with 
0.14 kBq exogenous [3H]HHA (acyl acceptor). The CMNaOH-releasable 
radioactivity ratio (%) illustrates the effects of development on the endogenous cutin-
to-[3H]HHA transacylase activity. Small: 3–5 cm lamina length; medium: 5–8 cm 
lamina length; big: 12 cm lamina length. Bars indicate standard errors (n=3) for the 
un-denatured group, no bars for the denatured control (n=1). 
A value of 1% CMNaOH-releasable radioactivity/50 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 142 cpm/50 mg epidermis 
in (a), and 29 cpm/50 mg epidermis in (b). 
 
3.5.3 Cutin-to-HHA transacylase activity during pea epicotyl elongation 
The same experimental procedure was also applied to pea epicotyl epidermis, 
however, the “decreasing with age” phenomenon was not observed (Fig. 38). 
There was no significant difference of the enzymically incorporated 3H 
quantity between 4, 7 and 10 days after sowing (DAS) (P > 0.05), even 
though the epicotyl length at 4 DAS was ~5 times shorter than at the older 
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Figure 38. Effects of pea epicotyl elongation on the putative cutin-to-[3H]HHA 
transacylase activity in situ. Epidermis (50 mg, acyl donor) from different lengths 
(4-, 7- and 10-DAS) of the expanding pea epicotyl with or without active 
endogenous enzymes were incubated with 0.74 kBq exogenous [3H]HHA (acyl 
acceptor) under the standardised conditions as in figure 7. The CMNaOH-releasable 
radioactivity ratio (%) illustrates the effects of development on the endogenous cutin-
to-[3H]HHA transacylase activity. Bars indicate standard errors (n=3).  
A value of 1% CMNaOH-releasable radioactivity/50 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 140 cpm/50 mg epidermis. 
 
This inconsistency between pea epicotyl and other two plants might be 
because the pea epicotyl was still in rapid growing stages at 10-DAS 
(maximum length: 45 cm+; https://www.simplyseed.co.uk/pea-
seeds/meteor.html), and therefore the putative transacylase activity was not 
decreased. In contrast, the whole developmental progress was screened for 
other two models, allowing us to have a good comparison between ages.  
In conclusion, the results above together with the pH optimum range 
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expansion as we hypothesized (i.e. loosening cutin matrix to allow 
expansion).  
3.6 Effect of environmental stresses on cutin-to-HHA transacylase 
activity 
Besides age, studying how the cutin-to-HHA transacylase activity responds 
to environmental stresses may also provide background knowledge for its 
physiological functions.  
3.6.1 Effects of light on the cutin-to-HHA transacylase activity in situ 
All the pea epicotyl epidermis used in assays above were sampled from dark-
grown (etiolated) pea seedlings, whose growth condition was different from in 
light-grown (de-etiolated) seedlings. Moreover, the cutin load is reported to 
be higher in Hedera helix leaves under sunshine (Skoss, 1955), suggesting 
that cutin metabolism, at least the synthesis, was affected by light.  
To investigate whether any artefact was imposed by the artificially dark 
environment on the newly discovered cutin re-modelling transacylase activity, 
the same age of continuously dark- and light (resource: bulb)-grown pea 
epicotyl epidermis was compared in situ. Fig. 39 shows no significant 
difference between the two groups at any time point (P > 0.05): the activity 
was 1.1- and 1.3-fold higher in the ‘dark’ samples than in the ‘light’ ones, 
indicating that the cutin-to-HHA transacylase activity was little affected by 
light. Furthermore, the data showed that the growth rate of pea epicotyls did 
not correlate with the transacylase activity: the light-grown pea was only 4 cm 















Figure 39. Effects of light on the putative cutin-to-[3H]HHA transacylase 
activity in pea epicotyl epidermis in situ. Experimental details were as in figure 36, 
except epidermis samples from pea epicotyl, which grown in different light 
conditions were incubated with 0.1 kBq exogenous [3H]HHA (acyl acceptor). The 
CMNaOH-releasable radioactivity ratio (%) shows the effects of light on the 
endogenous cutin-to-[3H]HHA transacylase activity. Dark: grew in continuous 
darkness for 7 days at 25°C; light: grew in continuous bulb light (intensity: 
µmol/m2/s) for 7 days at 25°C. Bars indicate range (n=2); except that no bars for the 
‘light, denatured’ samples (n=1).  
A value of 1% CMNaOH-releasable radioactivity/50 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 18 cpm/50 mg epidermis. 
 
Overall, this result not only showed that dark-grown pea is a validated model 
for this project, but also suggested that growth rate did not affect the cutin-to-
[3H]HHA transacylation reaction in situ. Noticeably, the in-situ observation is 
determined by both substrate (cutin) and enzyme (the putative cutin-to-HHA 
transacylase), and therefore the non-affected cutin-to-[3H]HHA transacylation 
products here may be a synergic result of increased cutin availability and 



























































 Dark, un-denatured  Dark, denatured  Light, un-denatured  Light, denatured
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a more detailed overview of the correlation between growth rate and the 
cutin-to-HHA transacylase activity, more approaches should be employed 
(discussed in Chapter 6).  
3.6.2 Effects of humidity on the cutin-to-HHA transacylase activity in situ 
Environmental humidity usually affects plant water loss. For example, serving 
to prevent water loss, epidermal wax load tends to increase in response to 
low humidity (Baker, 1974). Even though independent studies suggested that 
cutin does not play an important role in controlling water permeability 
(Schönherr and Riederer, 1989; Isaacson et al., 2009), suggesting that cutin 
would not be affected by humidity, we attempted to study whether the newly 
discovered cutin-to-HHA transacylase activity responds to humidity change.  
To investigate this question, I grew pea seedlings in continuous light for 7 
days at 25°C either isolated in a plastic bag (humidity: 80–90%) or exposed 
to the normal Edinburgh atmosphere (humidity: 40–45%).  
In-situ (acyl acceptor: [3H]HHA) results showed no significant difference in 
enzymically-incorporated 3H quantities between the normal-humidity plants 
and the humid ones (P > 0.05): the ‘normal’ group cutin incorporated 1.2-fold 
higher 3H than the ‘humid’ group (Fig. 40). This might support biochemically 
the biophysical point of view that cutin is not essential in response to humidity, 
but in future studies we cannot exclude the possibility that cutin morphology 
may be important in regulating water permeability: e.g. cutin’s 3-D structure 
may affect the shape of the wax layer, resulting in affecting water permeation 












Figure 40. Effects of humidity on the putative cutin-to-[3H]HHA transacylase 
activity in pea epicotyl epidermis in situ. Experimental details were as in figure 36, 
except epidermis samples from 7-day dark-grown pea epicotyl under high- (80–90%) 
and normal- (40–45%) humidity conditions were incubated with 0.12 kBq exogenous 
[3H]HHA (acyl acceptor). The CMNaOH-releasable radioactivity ratio (%) illustrates 
the effects of humidity on the endogenous cutin-to-[3H]HHA transacylase activity. 
Bars indicate standard errors (n=3).  
A value of 1% CMNaOH-releasable radioactivity/50 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 23 cpm/50 mg epidermis. 
 
Noticeably, the ‘humid’ samples released much less 3H in toluene and 
chloroform mixtures than the ‘normal’ one did (P < 0.01) (Fig. 41), which 
might be because the hydrophobic [3H]HHA metabolite was a wax 





































































Figure 41. Effects of humidity on the production of the proposed wax 
components in pea epicotyl epidermis in situ. Experimental details were as in 
figure 38, except that toluene-, CM (2/1)- and CMW (10/10/3)-extractable 
radioactivity was scintillation counted. The neutral hydrophobic solvents-releasable 
radioactivity ratio (%) was used to illustrate the effects of humidity one of the 
[3H]HHA metabolic mechanism. Bars indicate standard errors (n=3). **: P < 0.01. 
A value of 10% neutral hydrophobic solvents-releasable radioactivity/50 mg 
epidermis/supplied radioactivity corresponds to an absolute incorporation of 230 
cpm/50 mg epidermis. 
 
No dry condition was tested due to technical limitations, but it will be 
considered by Prof. Stephen C. Fry’s lab in future.  
3.6.3 Effects of pre-growth temperature on the cutin-to-HHA transacylase 
activity in situ 
Temperature is another important environmental factor. Differently from 
humidity, cutin responds to it. For example, cutin load increased at lower 
















































































suggesting that the cutin re-modelling mechanism, cutin-to-[3H]HHA 
transacylation reaction might also be affected by temperature changes.    
I germinated peas at 25°C in dark for 4 days, then harvested some and 
transferred the rest to 4°C for further growth. Epicotyl epidermis was isolated 
as above and assayed for cutin-to-HHA transacylase activity under the 
standardised conditions in situ. The factors of age and growth rate can 
probably be neglected, because the data above suggested they do not affect 
the transacylase activity in situ (Fig. 38 and 37).  
The rate of 3H incorporation into CMNaOH-releasable 3H decreased with the 
duration the plants had been held at 4°C (Fig. 42), indicating that the 
transacylase activity was not involved in response to cold stress, because 









                       
 
 
Figure 42. Effects of pre-growth temperature on the putative cutin-to-[3H]HHA 
transacylase activity in pea epicotyl epidermis in situ. Experimental details were 
as in figure 36, except epidermis samples from dark-grown pea epicotyls exposed to 
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 Un-denatured  Denatured
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4°C for different durations were incubated with 1.2 kBq exogenous [3H]HHA (acyl 
acceptor). The CMNaOH-releasable radioactivity ratio (%) illustrates the effects of 
temperature on the endogenous cutin-to-[3H]HHA transacylase activity. Bars indicate 
standard errors for the un-denatured group (n=4). Bars also indicated range for the 
denatured control (n=2).  
A value of 1% CMNaOH-releasable radioactivity/50 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 220 cpm/50 mg epidermis. 
 
Moreover, the amount of 3H produced into toluene- and CMW-releasable 
radioactivity was decreased after 4 days at 4°C (P < 0.01) (Fig. 43). This may 
support the idea that the toluene- and CMW-solubilized [3H]HHA metabolite 
was incorporated into wax because it is consistent with the report that the 
wax load is decreased during growth at low temperature (Skoss, 1955). 
However, the opposite observations were also reported: wax production in 
leaves of Brussels sprout (Brassica oleracea var. gemmifera) is promoted at 
lower temperatures (Baker, 1974), indicating that different species reacts 


























Figure 43. Effects of pre-growth temperature on the production of the proposed 
wax components in pea epicotyl epidermis in situ. Experimental details were as in 
figure 40, except that toluene- and CMW (10/10/3)-extractable radioactivity was 
scintillation counted.  The neutral hydrophobic solvents-releasable radioactivity ratio 
(%) was used to illustrate effects of temperature on one of the endogenous [3H]HHA 
metabolic mechanism. Bars indicate standard errors (n=4).  
A value of 1% neutral hydrophobic solvents-releasable radioactivity/50 mg 
epidermis/supplied radioactivity corresponds to an absolute incorporation of 220 
cpm/50 mg epidermis. 
 
In summary, the cutin-to-HHA transacylase activity was not altered in 
response to cold, and the [3H]HHA metabolite extractable in neutral 
hydrophobic solvents (toluene etc.) was heavily decreased by cold.   
Elevated temperatures were not tested due to the technical limitations (e.g. 
mould development). However, a recent study of pea adaxial leaf cuticle by 
using attenuated total reflection-Fourier transform infrared spectroscopy 













































































(ATR-FTIR) to quantify ester bonds reported that cutin load was decreased 
by high temperature (Liu et al., 2019).   
Discussion 
3.7 The discovery of the novel cutin-to-HHA transacylase activity 
We hypothesized that cutin (acyl donor) was transiently cut during rapid cell 
expansion, and then re-joined to another cutin (acyl acceptor) to form an 
intact matrix again after incremental cell expansion. This reaction was looked 
for by using [3H]HHA as the model of ‘another cutin’ to be the acyl acceptor, 
and verified by analysing the enzymic product via TLC.  
Pea epicotyl epidermis was very accessible and incorporated the highest 
amount of radioactivity among models I tested (i.e. pea, ice plant leaf and 
tomato fruit epidermis). As the default growing conditions of the standard 
plant model, dark did not impose a dramatic artefact on the in-situ cutin-to-
HHA transacylase activity (Fig. 39), and dark-grown peas were used in most 
experiments.  
The reproducibly observed dramatic contrast between the 3H incorporation 
from [3H]HHA in un-denatured epidermis samples and the denatured controls 
(in- and ex-situ) indicated that this incorporation was catalysed by an 
extracellular enzyme, which was stably associated with the epidermis 
because it was not lost by the cold-buffer wash (in-situ) (Fig. 13), but was 
extracted out by homogenizing epidermis with Triton X-100 and sands (ex-
situ) (Fig. 20).   
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The importance of the –OH group of [3H]HHA was demonstrated by the data 
showing that [14C]HA (Fig. 17), which does not have –OH group cannot be 
the substrate.   
Enzymic and chemical degradation techniques were employed to look for the 
in-situ cutin-to-HHA transacylase product. Acidified methanol removed the 
majority of un-bonded [3H]HHA and its metabolites (Fig. 24), evidenced by 
the scintillation counting (quantification) (Fig. 25) and the TLC analysis 
(qualitative analysis) (Fig. 26a). The following neutral hydrophobic solvents, 
especially toluene and CM, exclusively removed the most hydrophobic 
metabolite (Fig. 26a), which had probably been incorporated into wax.   
Enzymic digestions by lipase and cutinase require further optimization to 
attack the cutin–[3H]HHA conjugate (Fig. 28).  A general chemical method, 
CMNaOH (~0.5 M NaOH) hydrolysis, successfully detected the conjugate, 
because ester bonds are alkali labile. The CMNaOH-releasable radioactivity 
was usually ~1–2% of the supplied radioactivity in un-denatured pea epicotyl 
epidermis after a 24-h transacylase reaction (Fig. 26a), and it was identified 
as [3H]HHA dominantly (~36%, including the presumed oxidation product, 
[3H]OHA, ~10% inclusive) without a modification and an unidentified 
metabolite (~10%) (Fig. 29). These results were reproducibly observed in 
independent experiments. Thus, at least ~0.72% of the supplied [3H]HHA 
(excluding the oxidized [3H]HHA) became ester-bonded to epidermis. 
Since the possibility of other epidermal components (e.g. wax oligoesters) 
being the acyl donors was not very likely and/or not detectable, cutin was the 
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most probable component which can form ester bonds with [3H]HHA. Thus, 
we can conclude that we have observed the cutin-to-HHA transacylase 
activity with clear experimental evidence for the first time.  
Nevertheless, a low-impact interference by other substrates cannot be 
excluded: even though there is no evidence to show that free un-bonded 
[3H]HHA has been methyl esterified after the addition of MFW (i.e. otherwise 
it will be observed in toluene and chloroform-mixture extractions from the 
denatured control; Fig. 26b), it is a possibility that we cannot exclude. In fact, 
the methyl esterified [3H]HHA may be transacylated onto cutin chemically 
because of its activated acyl group, and on the other hand, the cutin motif in 
the cutin–[3H]HHA conjugate may also be transacylated onto methanol in 
MFW, resulting in releasing the enzymic incorporated [3H]HHA back into 
supernatant. Thus, the observed [3H]HHA released by CMNaOH from 
denatured epidermis samples might be due to this chemical transacylation; 
the observed cutin–[3H]HHA transacylation product in un-denatured 
epidermis might be a result of the two opposite chemical transacylation 
reactions. Fortunately, the majority was still the pure transacylase products, 
because the quantity was much higher in un-denatured epidermis samples 
than the denatured control (Fig. 25 and 27).  
It was difficult to identify the [3H]HHA metabolites shown on TLCs, but it was 
likely that the co-released compound (near origin) (Fig. 29) with [3H]HHA in 
CMNaOH hydrolysis was also a hydroxy fatty acid (acyl acceptor), and the 
chance to be the acyl donor was low (i.e. [3H]HHA’s carboxy group cannot be 
activated enzymically, because the compounds, such as acetyl-CoA which 
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are required for such reaction had been removed by the pre-incubation wash). 
Furthermore, there was also no di-hydroxy fatty acid formed based on our 
preliminary experiments (i.e. the RF of di-HHA was ≤ 50% that of HHA) 
(Appendix 6). Nevertheless, we cannot exclude the possibility that 
hydroxylation reactions happened together with other [3H]HHA modifying 
reactions.   
There are no known apoplastic fatty-acid-metabolising enzymes, but a set of 
cutin-related genes, encoding protoplasmic fatty acids modification proteins 
were found by transcriptomics (Panikashvili et al., 2010), such as 
CER4/FAR3 (Eceriferum 4/Fatty acid reductase 3), which reduces fatty 
aldehydes to alcohols (Jenks et al., 1995; Rowland et al., 2006); and MAH1 
(mid-chain alkane hydroxylase), which adds hydroxy groups to the middle of 
an alkane chain (Greer et al., 2007). Even though CER4 and MAH1 are both 
NADPH-dependent (Rowland et al., 2006; Greer et al., 2007), but it is 
possible that they have isozymes in apoplast, and they may use different 
redox substrates. These isozymes may work synergistically to produce the 
[3H]HHA metabolites.  
3.8 Preliminary knowledge of the protein responsible for the cutin-to-
HHA transacylase activity 
The protein responsible for cutin-to-HHA transacylase activity was not 
identified in this project, since in-situ and in-vitro assays clearly showed that 
CD1, as the only well-studied cutin transacylase, did not catalyse the cutin-
to-HHA transacylation reaction (Fig. 30, 31, 33; Table 9). However, the cutin-
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to-HHA transacylase activity peaked at the same developmental stage (Fig. 
36) as CD1 in tomato fruit epidermis (Yeats et al., 2012), suggesting that 
these two transacylases may be co-regulated. Another consistent piece of 
evidence was that the pH optima of CD1 and the newly discovered 
transacylase were very close, pH 5.0 and 5.5 respectively (Fig. 13 and 8; 
Yeats et al., 2014), also suggesting that these two proteins emerge at the 
same developmental stage. These findings may provide useful information 
for future cutin-to-HHA transacylase transcriptomic studies.   
Ex-situ assays provided additional information for the future cutin-to-HHA 
identification and characterisation: (1) its 3-D structure did not seem to allow 
disulphide bond formation (Fig. 19 and 18), unlike CD1, which was predicted 
by bioinformatics program (DIANA) to have disulphide bonds (Bakan and 
Marion, 2017); (2) its activity and extraction efficiency were slightly improved 
by adding Ca2+ (Fig. 22 and 21). However, the Ca2+ may not be a co-factor, 
because the transacylase was active without Ca2+, and EDTA did not reduce 
activity significantly (Fig. 22 and 21). Similarly, the functionally similar 
xyloglucan re-modelling enzyme activity, XET is also higher with Ca2+ (Fry et 
al., 1992), but no co-factor information was given yet (Saladié et al., 2006; 
Maris et al., 2009; Maris et al., 2011). Noticeably, it has been reported that 
CaCl solubilises ionically cell-wall-bound proteins better than other salts in 
Arabidopsis rosettes (Boudart et al., 2005), probably the cutin-to-HHA 
transacylase is also ionically bound with cell wall or cutin.    
The proposed new enzyme’s substrate specificity may be related to the 
correlation between the low amount of HHA in tomato fruit epidermal cutin 
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(~1.5–3% of total identified cutin, Kosma et al., 2010) and the low [3H]HHA 
incorporation by tomato epidermis in situ (Fig. 36): the endogenous tomato 
transacylase possibly prefers this species’ common endogenous cutin fatty 
acid residues as the acyl acceptors. Unfortunately, this hypothesis could not 
be tested in this project because the most common cutin fatty acid in in 
tomato fruit epidermis, diHHA was not successfully purified via HPLC 
(Appendix 6), and the cutin components of the pea epicotyl epidermis were 
not analysed. Another possible scenario is that the abundant cutin provides 
sufficient viscoelasticity for young tomato fruits to expand (España et al., 
2014)., taking place the role of the putative transacylase activity.  
3.9 Speculation as to cutin-to-HHA transacylase’s physiological 
function  
Consistent with our hypothesis that this transacylase activity was required for 
cell expansion, [3H]HHA in-situ incorporation peaked at pH 5.5, which is 
within the physiological pH range of expanding cells’ apoplast (reviewed by 
Cosgrove, 2005). However, the incorporation was not much less when pH 
was increased to values such as 7.5, especially in the pea epicotyl epidermis 
(Fig. 13 and 8). In addition, the activity was still quite high after the ice plant   
leaf stopped expansion, suggesting that this transacylase activity was not 
only required for cell expansion, but also played a role for other purposes, 
such as ‘healing’ a broken cutin chain after it has been broken by external 
physical forces. Another possible scenario is that the newly discovered 
transacylase is only required for cell expansion, but it is not degraded once 
growth has finished. However, CD1, which may share the same family 
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(GDSL) as the novel transacylase, is degraded after rapid expansion has 
finished (Yeats et al., 2012). Thus, I propose that the novel cutin-to-HHA 
transacylase activity after cell expansion may be required for a specific 
mechanism.  
The ‘cutin loosening’ function of the cutin-to-HHA transacylase was further 
hinted by comparing its characteristics with similar, but well-known enzymes. 
For example, the most functionally comparable enzyme activity to the newly 
discovered cutin transacylase is XET, extracted from rapidly growing pea 
internodes, which has been reported to be involved in loosening cell wall 
during cell expansion, and it also prefers pH 5.5 (Fry et al., 1992; 
Hetherington and Fry, 1993). This putative ‘loosening’ function of the cutin 
transacylase was further suggested by the fact that its activity was higher in 
young, rapidly growing ice plant leaves and tomato fruit epidermis than at 
later developmental stages. However, a correlation between growth rate and 
the cutin-to-HHA transacylase activity was not observed in situ (Fig. 39), but 
we cannot exclude that it might be found in vivo (more in Chapter 6).  
Cutin itself was suggested not to be critical in controlling water loss in 
response to humidity, except that the interactions between cutin flavonoid 
residues were proposed to obstruct water permeation (Luque et al., 1995). 
Consistently, the cutin re-modelling, cutin-to-HHA transacylation reaction was 
only decreased slightly by high humidity in situ (Fig. 40). Temperature 
decrease was reported to increase cutin load, but in this thesis, low 
temperature pre-growth slightly decreased the cutin-to-HHA transacylase 
activity (Fig. 42), suggesting that this transacylase was not essential in the 
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plant’s response to cold. It also provided another piece of evidence that the 
cutin synthase and the cutin-to-HHA transacylase were two separate 
enzymes.  
Taken together, this newly discovered transacylase activity was likely to be 
involved in re-modelling (e.g. loosening) cutin to accommodate cell 
expansion but may be not vital in reacting to humidity and temperature 
changes. These hypotheses can be answered by identifying the transacylase 
first, and then analysing its physiological functions in planta.   
Conclusions 
The reproducibly observed cutin-to-HHA transacylation reaction in different 
organs of different plants strongly indicated the transacylase’s existence, 
which was then for the first time demonstrated by our product analysis. We 
can conclude that the hypothesized cutin-to-cutin transacylation reaction is 
very likely to occur in nature and may be involved in loosening cutin in 
parallel with cell wall re-modelling enzyme activities (e.g. XET activity) during 
rapid cell expansion, based on the pH optimum and correlations with plant 
development. However, this transacylase is not identified yet, the only solid 
conclusion is that it is not CD1, the known cutin synthase. Some of the most 
common environmental stresses, light, temperature and humidity, did not 
affect the transacylase activity dramatically in situ, and thus it may not be 





Only one hydroxy fatty acid, [3H]HHA, was tested to model cutin-to-cutin 
transacylation reactions in this project, so more hydroxy fatty acid species 
should be tested in the future, especially the most dominant one in tomato 
fruit cutin, di-[3H]HHA. Moreover, a CD1-specific antibody would be more 
specific to detect the His6-tagged CD1 than the anti-poly-His–HRP antibody.   
In future, pea epicotyl epidermis cutin components could be identified and 
quantified by LC- and GC-MS; and the actual presence will be verified by e.g. 
TEM, even though it has been confirmed by previous studies (e.g. Rogers et 
al., 1994). The cutin-to-HHA transacylase could be identified via screening 
the activities of CD1 homologues in tomato fruit (e.g. Solyc04g050730.2.1, a 
gene expressing a GDSL enzyme with 76% similarity to CD1 polypeptide 
sequence) and Arabidopsis petals (e.g. At5g33370, a gene expressing a 
GDSL enzyme with 73% similarity to CD1 polypeptide sequence), and the 
correlation between plant cutin components and substrate specificity will be 
established. No genes have yet been annotated as possessing the cutin-to-










Chapter 4. Cutin-to-oligosaccharide transacylation 
Introduction 
Putative interactions between cell wall polysaccharides and cutin have been 
reported from different angles. For example, polysaccharide was found in 
cuticle of different land plants via biochemical analysis (e.g. 15% dry weight 
of Eucalyptus leaf cuticle; 30–37% dry weight of cherry tomato fruit cuticle) 
(Domínguez et al., 2008; Guzmán et al., 2014) and microscopic observations 
(Jeffree 2006; reviewed by Fernández et al., 2016). A partial hydrolysis of 
lime fruit cutin released a conjugate composed of a hydroxy fatty acid 
tetramer O-linked to the C-6 position of a hexose disaccharide, but the 
structure was unclear (Tian et al., 2008). Moreover, a co-regulation of cutin 
and polysaccharide biosynthesis has been suggested: alterations of primary 
cell wall quantity and morphology were observed in SHINE3 (a proposed 
transcription factor of cutin synthase)-silenced tomato fruit epidermis (Shi et 
al., 2013).  
Based on the cutin biosynthesis mechanism catalysed by cutin deficient 1 
(CD1), we proposed that cutin could be linked to nearby cell wall 
polysaccharides via ester bonds, thereby reinforcing the epidermis 
mechanically despite dramatic cell expansion. This hypothesized mechanism 
is the same as the cutin-to-cutin bonding (i.e. a transient cut of cutin, followed 
by the reformation of ester bond; Chapter 3), except that the acyl acceptors 
are polysaccharides, all of which carry –OH groups. As mentioned in Chapter 
1, methyl esterified galacturonan (reviewed by Wolf et al., 2009) has a 
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chance to be the acyl donor, because it contains activated acyl groups. Non-
esterified galacturonic acid residues are less likely to be acyl donors, 
because the –OH of a free carboxy group (–COOH) is a poorer leaving group 
than the –OCH3 of a methyl ester (–COOCH3).  
Cutin–polysaccharide hetero-polymers have been proposed for many years 
(reviewed by Fich et al., 2016), but no biochemical study has yet proved their 
existence. The transacylation mechanism is like the cutin-to-cutin 
transacylation one (Fig. 5), but the acyl acceptor is replaced with tritiated 
labelled oligosaccharides, to avoid artefacts [e.g. strong hydrogen bonds (H-
bonds) between exogenous radio-labelled polysaccharides and endogenous 
cell wall polysaccharides in assays]. The radio-chemical technique was 
employed because the possible hetero-polymer may be in very low quantity, 
requiring a very sensitive monitoring technique.  
All the 3H-labelled oligo- and mono-saccharides I used lacked reducing ends 
(i.e. a free oxo group at one end, which acts as a reducing agent; Pratt and 
Cornely, 2013), to mimic the major part of a polysaccharide molecule, whose 
building blocks do not have free oxo groups since they are involved in 
glycosidic bonds (Fig. 44).  
The default growth conditions for the most frequently used plant model, pea 
epicotyl, were in continuous dark at 25°C for 7 days as in Chapter 3. 
Experimental strategies were also similar to those in Chapter 3 (e.g. ~0.5 M 
NaOH in CMNaOH to hydrolyse ester bonds within the hydrophobic 
environment of cutin). Importantly, the radio-labelled xyloglucan oligomers 
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are also xyloglucan endotransglucosylase (XET) substrates (Fry et al., 1992). 
Thus, the transacylase product should be carefully distinguished from XET 
products; more details will be provided later in this chapter.  
Figure 44. A structural illustration of [3H]XXXGol structure. Glucose residues 
(hexose) are glycosidically linked to each other via β-1→4 bonds; and a xylose 
(pentose) is linked to three of them via α-1→6 glycosidic bonds to form a motif (α-D-
xylopyranosyl-(1→6)‐β-D-glucose), named X. The fourth glucose (from left to right, 
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G) is the last motif in this xyloglucan building block, and in most cases, it is attached 
to the next building block in muro, resulting in the great majority of the XXXG units 
lacking a free reducing end (adapted from Bhalekar et al., 2013). In the laboratory, we 
mimicked this situation by reducing the G of the heptasaccharide to glucitol (Gol), 
which does not have the oxo group at C-1 (XXXGol). The hydrogen atom at C-1 of 
Gol was radio-labelled, resulting in [3H]XXXGol. [3H]XXXGol and XXXG are 
assumed to be functionally the same so far as acceptor substrate function is concerned, 
as is the case when they act as XET acceptor substrates (Fry et al., 1992).   
 
Results 
4.1 Optimization of in-situ assays 
I mainly used one of the most common radio-labelled dicot xyloglucan 
building blocks as the acyl acceptor, [3H]XXXGol (Fig. 44), to optimize the in-
situ transacylase assays. [3H]XXXGol is a heptasaccharide, where X 
represents an α-D-xylopyranosyl‐(1→6)-β-D-glucopyranosyl segment, and 
Gol is a D-glucitol unit (Fry et al., 1993) (Fig. 44). Pectic oligomers’ acceptor 
abilities were also tested in comparison with the hemicellulosic [3H]XXXGol. 
The enzyme assay optimization experiments were designed to look for the 
best plant model, pH and pre-incubation conditions. Strategies were like 
those for the cutin-to-[3H]HHA assays (Chapter 3). Furthermore, CMNaOH 
(~0.5 M NaOH) treatment here not only enabled us to test whether an ester 
bond had been formed, but also allowed us to distinguish between the 
activities of XET and the proposed transacylases, because the glycosidic 
bonds (β‐D‐glucopyranosyl‐(1→4)‐β‐D‐glucose) between endogenous 
polysaccharide and exogenous [3H]XXXGol should be stable in this alkaline 
solution, especially since the end is non-reducing (reviewed by Glaus and 
Van Loon, 2008); and also the polysaccharide–[3H]XXXGol conjugates were 
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predicted to be insoluble in the hydrophobic CMNaOH solution because of 
their high molecular weight and hydrophilicity.  
4.1.1 The optimum pH of the putative cutin-to-oligosaccharide transacylase 
activity (in situ) 
Effects of pH on the putative cutin-to-XXXGol transacylase activity  
Pea epicotyl epidermis was obtained from dark-grown pea seedlings, 
selected because of the fast harvesting cycle and rich cutin (Rogers et al., 
1994). We hypothesized that the cutin-to-polysaccharide transacylation 
reaction was required to adjust cutin mechanical strength during rapid 
growth, and therefore the optimal pH should be 4.5–6.0 (reviewed by 
Cosgrove, 2005).  
However, the total 3H incorporated and incorporated into CMNaOH-
releasable 3H ratios of un-denatured epidermis samples increased almost 
linearly from pH 3.5 to 7.5 (~10-fold, P < 0.05) (Fig. 45). This observed 
incorporation was believed to be enzymic because much more total 
incorporated and CMNaOH-releasable 3H in un-denatured epidermis 
samples than in the heat-denatured control at all the pH values (P < 0.05) 
(Fig. 45). Essentially, the total incorporated 3H was proposed to be mainly 
XET products (Fig. 45a), because the quantity of the hypothesized cutin–
xyloglucan hetero-polymer may be very low in nature due to the physical 
separation of cutin and cell wall layers. The hypothesized cutin–xyloglucan 
transacylase activity was suggested by the CMNaOH hydrolysis, that at least 
partial [3H]XXXGol was incorporated by ester bonds (Fig. 45b).  
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Thus, in summary, a XXXGol-utilising transacylase activity, which possibly 
uses cutin as the acyl donor does exist in pea epicotyl but prefers a slightly 
basic pH (7.5), inconsistent with our hypothesis.  
 
Figure 45. pH optimization of the cutin-to-[3H]XXXGol transcylase activity in 
pea epicotyl epidermis in situ. The blotting dried epidermis samples (50 mg; acyl 
donor) with (cold buffer-washed) or without (boiled) active endogenous enzymes were 
incubated with 0.72 kBq exogenous [3H]XXXGol (acyl acceptor) at room temperature 
for 1 day in 300 µl buffers with different pH values. (a). The total incorporated and (b) 
CMNaOH-releasable radioactivity ratios (%) were calculated as follows: obtained 
radioactivity (cpm/50 mg epidermis) / initially supplied radioactivity (cpm) × 100%. 
Green line: un-denatured epidermis samples. Red line: denatured epidermis samples 
(control). Bars indicate range (n=2).  
A value of 10% total incorporated radioactivity/50 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 1350 cpm/50 mg epidermis 
in (a); and 135 cpm/50 mg epidermis is for 1% CMNaOH-releasable radioactivity/50 
mg epidermis/supplied radioactivity in (b).  
 
The same assay was carried out with expanding ice plant leaf adaxial 
epidermis to see if the same trend can be observed in a different plant 
species. The adaxial epidermis was chosen because it was observed to 
contain more cutin than the abaxial one does (Appendix 3). This in-situ assay 
showed similar results as above: the total incorporated and CMNaOH-


























































































































releasable 3H ratios were significantly higher at higher pH values (e.g. pH 
4.5 > 3.5 etc.) (P < 0.05) (Fig. 46). 
 
                                                                                                                               
Figure 46. pH optimization of the cutin-to-[3H]XXXGol transcylase activity in 
expanding ice plant leaf epidermis in situ. The experimental procedures were as in 
figure 43, except that 0.9 kBq exogenous [3H]XXXGol was supplied as  the acyl 
acceptor. (a). The total incorporated and (b) CMNaOH-releasable radioactivity ratios 
(%) were calculated as above. Green lines: un-denatured epidermis samples. Red lines: 
denatured epidermis samples (control). Bars indicate range (n=2) for the ‘un-denatured’ 
group. No bars for the ‘denatured’ group (n=1). 
A value of 0.1% total incorporated or CMNaOH-releasable radioactivity/50 mg 
epidermis/supplied radioactivity corresponds to an absolute incorporation of 17 
cpm/50 mg epidermis.  
 
The preference for more basic pH values of the possible cutin-to-XXXGol 
transacylase might indicate that the linking reaction of cutin and 
polysaccharide occurs at the end of the cell expansion or even after the 
cessation. This question was answered by studying the putative cutin-to-
XXXGol transacylase’s change during development (see 4.6). 
 
 








































































































































































Effects of pH on the putative cutin-to-Ara8-ol transacylase activity  
To find out if the obtained results above can also be observed when using 
other [3H]oligosaccharide as the substrate, the oligomer related to a 
rhamnogalacturonan I (RG-I, a subdomain of pectin; Fig. 47) side chain, 
[3H]Ara8-ol (an α-1→5-linked L-arabinosyl oligomer, which does not have a 
reducing end because the last arabinose unit from the right side was reduced 
to arabitol) (Øbro et al., 2004; reviewed by Harholt et al., 2010) was tested. It 
was chosen because pectin has been detected to be nearby cutin via 
immunocytochemistry (Guzmán et al., 2014; Segado et al., 2016), and thus a 















                                                                                                                                       
Figure 47. A schematic illustration of RG-I domain in Arabidopsis pectin and 
chemical structure of the [3H]Ara8-ol. (a) The backbone is composed of α-D-
galacturonic acid-(1→2)‐α-L-rhamnopyranose-(1→4)‐α-D-galacturonic acid repeats. 
One of the sides chains is made of four 1→5 linked α-L-arabinosyl residues (adapted 
from Goetz et al., 2016). (b) Structural formula of [3H]Ara8-ol: composed of eight 
1→5 linked α-L-arabinosyl residues, whilst the last one was reduced to arabinitol and 
tritiated labelled at C-1.  
 
The same methodologies were used as above. However, the total [3H]Ara8-ol 
incorporation ratio was much lower (~200-fold) than that of [3H]XXXGol at all 
the pH values in both pea epicotyl and ice plant leaf un-denatured epidermis 
(Fig. 46–46). Nevertheless, I was still able to demonstrate pH effects on 
incorporation, and the incorporation was enzymic (P(un-denatured vs. denatured) < 
0.05) (Fig. 48 and 46).  
In pea epicotyl epidermis samples, the total incorporated and incorporated 
into CMNaOH-releasable 3H in the un-denatured samples was significantly 
higher than in the denatured control (P < 0.05) at pH 6.5 only, suggesting 
that the possible cutin-to-Ara8-ol transacylase is only detectably active at pH 




                                                                       
Figure 48. The putative cutin-to-[3H]Ara8-ol transacylase activity in pea epicotyl 
epidermis at different pH values in situ. Experimental details were as in figure 43, 
except 0.79 kBq exogenous [3H]Ara8-ol (acyl acceptor) was used. (a) The total 
incorporated and (b) CMNaOH-releasable radioactivity ratios (%) were calculated as 
figure 43 illustrate the endogenous cutin-to-[3H]Ara8-ol transacylase activity. Green 
lines: un-denatured epidermis samples. Red lines: denatured epidermis samples 
(control). Bars indicate range (n=2).  
A value of 0.1% total incorporated or CMNaOH-releaseable radioactivity/50 mg 
epidermis/supplied radioactivity corresponds to an absolute incorporation of 15 
cpm/50 mg epidermis.  
 
Ice plant epidermis samples showed very similar results: the total 
incorporated 3H ratio increased with pH (Fig. 49a). The putative product of 
the proposed transacylase became detectable at pH 5.5 (P(un-denatured vs. 
denatured) < 0.05), and peaked at pH 7.5, where the CMNaOH-releasable 3H 
ratio was 1.5 times higher than pH 5.5 and 6.5 (P > 0.05) (Fig. 49b).  
 
 


















































































































                                                                                                                                                        
Figure 49. The putative cutin-to-[3H]Ara8-ol transcylase activity in expanding ice 
plant leaf epidermis at different pH values in situ. The experimental procedure was 
as figure in 45, except 0.68 kBq exogenous [3H]Ara8-ol was supplied as  the acyl 
acceptor. (a) The total incorporated and (b) CMNaOH-releasable radioactivity ratios 
(%) were calculated as figure 43 and illustrate the endogenous cutin-to-[3H]Ara8-ol 
transacylase activity. Green lines: un-denatured epidermis samples. Red lines: 
denatured epidermis samples (control). Bars indicated range (n=2).  
A value of 0.1% incorporated /50 mg epidermis/supplied radioactivity corresponds to 
an absolute incorporation of 13 cpm/50 mg epidermis.  
 
Overall, these four [3H]oligosaccharides in-situ assays provided preliminary 
evidence for the existence of the proposed cutin-to-oligosaccharide 
transacylase, and its pH preference (6.5–7.5), suggesting that the possible 
cutin-to-XXXGol and -to-Ara8-ol transacylation reactions are not required 
during rapid growth as we had hypothesised (i.e. rapid expanding cells’ 
apoplast pH is 4.5–6; reviewed by Cosgrove, 2005). Moreover, the big 
contrast between [3H]XXXGol and [3H]Ara8-ol’s acyl acceptor abilities may 
suggest a substrate specificity, favouring xyloglucan, and the possible linking 
between cutin and RG-I sidechains may be very rare in nature.  


















































































































In subsequent experiments, pH 6.5 was chosen for all cutin-to-
[3H]oligosaccharide transacylation reactions, because it was not only in the 
optimized range, but also close to the physiological pH (reviewed by 
Cosgrove, 2005).  
4.1.2 The best plant model to study the putative cutin-to-XXXGol 
transacylase activity (in situ) 
Ice plant leaf vs. pea epicotyl 
Different organs from different plants with thick epidermis were compared to 
find the best plant model, which can provide the highest amount of cutin and 
the highest endogenous cutin transacylase activity.  
The comparison between expanding pea epicotyl and ice plant leaf epidermis 
can be seen from the results above (Fig. 46–46): the CMNaOH-releasable 3H 
(substrate: [3H]XXXGol) from the latter model was only 0.1–0.3 of the former 
one, indicating that the pea epicotyl epidermis was much more active (Fig. 
50). Thus, concerning the growth period, epidermis yield and the 
performances, pea epicotyl is preferred.  

















Figure 50. The putative cutin-to-[3H]XXXGol transacylase activity in rapidly-
expanding ice plant adaxial epidermis vs. rapidly-expanding pea epicotyl 
epidermis in situ. Experimental details were as in figure 43 and 44. The CMNaOH-
releasable radioactivity ratio (%) of pea samples (black line) was a reference to be 
compared with the ice plant samples (yellow columns).  
 
Tomato fruit vs. pea epicotyl 
Epidermis of medium-sized tomato (cv. Ailsa Craig) fruit as another cutin 
resource (Girard et al., 2012) was also assayed with [3H]XXXGol in situ, but 
only at the chosen pH, 6.5. I screened the 10–21 days after anthesis (DAA) 
fruit because they were in the rapidly expanding stage, as had been the pea 
epicotyls and ice plant leaf.  
The CMNaOH-releasable 3H ratio was ~1.3–2.0-fold higher than the pea 
epicotyl epidermis samples under the same conditions (Fig. 46 and 48); in 
particular, the 21-DAA tomato fruit epidermis released almost 2-fold higher 
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radioactivity than the pea epicotyl epidermis did (Fig. 51). However, tomato 
fruit’s much longer growth time than the pea epicotyls lowered down 









Figure 51. The putative cutin-to-[3H]XXXGol transacylase activity in rapidly-
expanding tomato fruit epidermis vs. rapidly-expanding pea epicotyl epidermis 
in situ. Experimental details were the same as figure 43, except only pH 6.5 buffer was 
used for incubation. The CMNaOH-releasable radioactivity ratio (%) of pea samples 
(black line) was a reference to be compared with the tomato samples (yellow 
columns). 
 
In summary, considering all the factors together, I conclude that the pea 
epicotyl is the best because of the fastest harvest cycles and a very good 
putative cutin-to-XXXGol transacylase activity.  
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4.1.3 Effects of pre-incubation process on the putative cutin-to-
oligosaccharide transacylase activity (in situ) 
In the experiments above, all the un-denatured epidermis samples had been 
frozen, thawed and then washed in cold buffers (4°C) for 1 h before 
incubation, because this process was proposed to be important for removing 
intracellular transacylase substrates, such as ATP and CoA, which can 
potentially synthesize oligo-esters de novo, and therefore compete with 
extraprotoplasmic cutin transacylation. Nevertheless, the pre-wash procedure 
might also remove the proposed transacylase. I investigated this question by 
comparing washed and un-washed pea epicotyl epidermis samples and 
found that the CMNaOH-releasable 3H ratio was two-fold higher in the un-
washed samples (Fig. 52). However, there was no replicate for the un-
washed epidermis sample, and therefore the results here only hinted that the 
cold buffer wash may have removed some putative endogenous cutin-to-

























Figure 52. Effects of pre-incubation wash on the putative cutin-to-[3H]XXXGol 
transacylase activity in pea epicotyl epidermis in situ. Experimental details were as 
in figure 43, except epidermis samples without being pre-incubation cold-buffer 
washed was added, and only pH 6.5 buffer was used for incubation. The CMNaOH-
releasable radioactivity ratio (%) shows the pre-incubation treatments’ effects on the 
cutin-to-[3H]XXXGol transacylase activity.  Bars indicate range (n=2) (not visible for 
the ‘denatured’ group). No bars for the ‘un-washed’ sample (n=1).  
A value of 1% CMNaOH-releasable radioactivity/50 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 135 cpm/50 mg epidermis.  
 
The same trend was observed by assaying expanding ice plant leaf adaxial 
epidermis with [3H]XXXGol: the un-washed epidermis samples released 1.4-
fold higher 3H in CMNaOH than the washed one (Fig. 53). However, same as 
the figure 48, there was no replicate for the un-washed sample (Fig. 53), only 











































































Figure 53. Effects of pre-incubation wash on the putative cutin-to-[3H]XXXGol 
transacylase activity in expanding ice plant leaf epidermis in situ. Experimental 
details were the same as figure 44 and 49, except that 0.9 kBq exogenous [3H]XXXGol 
was used. Bars indicate (n=2) for the ‘washed’ group. No bars for other groups (n=1).  
A value of 0.1% CMNaOH-releasable radioactivity/50 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 17 cpm/50 mg epidermis.  
 
These observations were unexpected, because in Chapter 3, the pre-
incubation wash did not harm the proposed transacylase activity. It might 
suggest that this possible cutin-to-XXXGol transacylase is a different enzyme 
from the cutin-to-HHA transacylase, and that their locations in muro are 
different: the former may be located at the interface between cell wall and 
cutin, such that it was easier to be removed, whereas the latter may be 
embedded in cutin, making it more stable physically (i.e. cutin is located in 































































However, since the CMNaOH-releasable 3H ratio after the pre-incubation 
wash was still reasonably high, and the desire to avoid intracellular 
interferences, we decided to keep this step in the rest of cutin-to-
[3H]oligosaccharide in-situ assays.  
4.2 Screen of acyl acceptors 
4.2.1 Pectic oligosaccharides’ acceptor abilities 
As stated above, pectin has been observed by microscopy to be physically 
adjacent to cutin (Guzmán et al., 2014; Segado et al., 2016), but no 
biochemical evidence yet exists to prove the links between them yet. To test 
this, 3H-labelled pectic oligosaccharides (e.g.  [3H]Ara8-ol, [3H]GalA8-ol and 
methyl esterified [3H]GalA8-ol) were tested in situ.  
Cutin-to-[3H]Ara8-ol transacylation 
The in-situ incorporation of [3H]Ara8-ol results are shown above, where the 
CMNaOH-releasable 3H ratio was very low in both rapidly expanding pea 
epicotyl and ice plant leaf epidermis (e.g. 0.1% in un-denatured expanding 
ice plant leaf epidermis) (Fig. 48 and 46), indicating that the acyl acceptor 








Another radio-labelled pectic component, [3H]GalA8-ol, an oligomer of the 
backbone of pectin (homogalacturonan), which is composed of α-1→4-linked 
D-galacturonic acid (reviewed by Harholt et al., 2010) (Fig. 54) without a 
reducing group as the [3H]Ara8-ol. It was assayed with pea epicotyl epidermis 
at different pH values, but no enzymic incorporation was detected, and only 
background radioactivity was left after the MFW wash (Fig. 55).  
Figure 54. Structural formula of [3H]GalA8-ol. Eight α-1→4-linked D-galacturonic 












Figure 55. The putative cutin-to-[3H]GalA8-ol transacylase activity in pea epicotyl 
epidermis at different pH values in situ. Experimental details were as in figure 43, 
except 0.26 kBq exogenous [3H]GalA8-ol (acyl acceptor) under the standardised 
conditions as above at different pH values. The total incorporated radioactivity ratio 
(%) was used to illustrate the endogenous cutin-to-[3H]GalA8-ol transacylase activity. 



























































Green line: un-denatured. Red lines: denatured (control). Bars indicate (n=2). No bars 
for the ‘denatured’ (n=1). 
A value of 0.1% total incorporated radioactivity/50 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 5 cpm/50 mg epidermis.  
 
This result was partially expected, because the same as [14C]HA in Chapter 
3, the [3H]GalA8-ol only has 8 non-activated –COOH groups at C-6, and 
therefore it cannot act as an acyl donor. However, the fact that it also cannot 
act as an acyl acceptor (despite possessing a –OH groups at C-2 and C-3) 
may indicate that cutin does not link to the backbone of pectin, at least not to 
the un-methyl esterified parts.  
Methyl esterified [3H]GalA8-ol-to-cutin transacylation 
Some homogalacturonan residues are methyl esterified (reviewed by Harholt 
et al., 2010), which in turn activates the acyl groups, –COOH at C-6 (refer to 
Fig. 55), making the galacturonic acid residue capable of being an acyl 
donor, which is different from the oligosaccharides tested above. Thus, we 
methyl esterified the [3H]GalA8-ol uniformly at C-6 by the EDC-NHS coupling 
method (preliminary data not shown) (Sam et al., 2010), and it was assayed 
with pea epicotyl epidermis under the optimized conditions in situ. However, 














Figure 56. The putative methyl esterified [3H]GalA8-ol-to-cutin transacylase 
activity in pea epicotyl epidermis in situ. Experimental details were the same as 
figure 50, except that 0.42 kBq exogenous uniformly methyl esterified [3H]GalA8-ol 
(acyl acceptor) was used at pH 6.5.  The incorporated radioactivity ratio (%) illustrates 
the endogenous cutin-to-methyl esterified [3H]GalA8-ol transacylase activity. Green 
line: un-denatured. Red lines: denatured (control). No bars (n=1).  
A value of 0.1% total incorporated radioactivity/50 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 8 cpm/50 mg epidermis.  
 
To test whether methyl esterified [3H]GalA8-ol can be an acyl donor in a 
different plant species, tomato fruit (cv. Ailsa Craig) epidermis at different 
developmental stages was assayed with it under the optimized conditions in 










































































Figure 57. The putative methyl esterified [3H]GalA8-ol-to-cutin transacylase 
activity in rapid expanding tomato fruit epidermis in situ. Experimental details 
were the same as figure 52, except that 50 mg tomato fruit epidermis (acyl donor) was 
incubated with 0.26 kBq exogenous uniformly methyl esterified [3H]GalA8-ol (acyl 
acceptor). Green line: un-denatured. Red lines: denatured (control). Bars indicate 
standard errors (n=3). No bars for the ‘denatured’ group (n=1).  
A value of 0.1% total incorporated radioactivity/50 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 5 cpm/50 mg epidermis.  
 
Acetyl esterified homogalacturonan (reviewed by Scheller et al., 2007; 
Harholt et al., 2010) oligomer was not considered because the donor group 
would be acetyl, instead of galacturonoyl.  
In summary, [3H]GalA8-ol and its methyl esterified version were neither a 
donor nor an acceptor of the proposed transacylases, clearly indicating that 
the no covalent link between cutin and the pectin backbone. The slight 
incorporation of [3H]Ara8-ol might point out that pectin sidechains may 
become linked with cutin. 
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4.2.2 Primary cell wall hemicellulosic oligosaccharides’ acceptor abilities 
Xyloglucan: further investigation of the cutin-to-[3H]XXXGol transacylation 
under the optimized conditions 
XXXG is the most abundant building block in dicotyledonous xyloglucan 
(reviewed by Takahisa and Rumi, 2011). The abbreviation and structure have 
been introduced above according to Fry et al. (1993) (Fig. 42). 
#In the ‘optimization’ section above, I have illustrated that [3H]XXXGol can 
be incorporated via ester bonds into plant shoot epidermis enzymically in 
situ, and this conclusion was further confirmed by observing an increase of 
the radioactivity incorporation into un-denatured epidermis with time (Fig. 58).  
 
Figure 58. Effects of incubation time on the putative cutin-to-[3H]XXXGol 
transcylase activity in pea epicotyl epidermis in situ. Experimental details were as 
in figure 43, except 0.4 kBq exogenous [3H]XXXGol was supplied as the acyl acceptor 
at pH 6.5 only. (a). The total incorporated radioactivity ratio % and (b) CMNaOH-
releasable radioactivity ratio (%) illustrate the endogenous cutin-to-[3H]XXXGol 
transacylase activity. Green line: un-denatured. Red lines: denatured (control). Bars 
indicate standard errors (n=3).  
A value of 1% incorporated radioactivity/50 mg epidermis/supplied radioactivity 
corresponds to an absolute incorporation of 75 cpm/50 mg epidermis.  
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The incorporation was proposed to consist of the proposed transacylase and 
transglucanase (e.g. XET) products (Lorences and Fry, 1993), which were 
distinguished roughly as above by CMNaOH hydrolysis (which should have 
no effect on XET products). The un-denatured group had incorporated much 
higher (35 times) total 3H than the denatured control by our first time-point (6 
h) (P < 0.01) (Fig. 58a), which was also the starting point of the incorporation 
plateau in this experiment; and 19-fold more CMNaOH-releasable 3H by the 
same time (Fig. 58b). The total incorporation (Fig, 54a) consists of XET and 
the proposed transacylase activities, which together was ~5.6% at 12 h as an 
example, whereas the putative transacylase activity alone (Fig. 58b) was 
~3% by the same time, indicating that the XET activity was ~2.6%, which is 
smaller than the transacylase one. This observation was different from our 
expectation (i.e. XET activity > the transacylase activity), one possible 
explanation is that the total radioactivity was measured by counting the 
MFW-insoluble residues (Fig. 58a), which were solid and caused a lower 
counting efficiency compared with the aqueous sample (CMNaOH hydrolysis 
supernatant) (Fig. 58b). Another possibility is that CMNaOH mixture also 
dissolved some XET products (will be explained in 4.4.3).   
This plateau was not unique, since it was also observed in the pea epicotyl 
XET activity from 4 or 6 h onwards (Fry et al., 1992; my own un-shown data). 
The two most plausible reasons may be (1) the exogenous [3H]XXXGol was 
used up and/or degraded, and (2) the proposed enzymes were denatured 
after some hours, but we also cannot exclude the possibilities that (3) the 
transacylase product was degraded by unspecified lipase(s).  
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To test the first possibility, the remaining incubation mixture, which was 
predicted to contain un-incorporated [3H]XXXGol and/or its degraded 
products, was analysed by TLC, followed by fluorography (Fig. 59).    
                                                                                                                                             
Figure 59. Chromatographic analysis of the un-incorporated 3H in the in-situ 
cutin-to-[3H]XXXGol transacylase assay. The pea epicotyl epidermis (50 mg; acyl 
donor) with or without active endogenous transacylases were incubated with ~0.4 kBq 
exogenous [3H]XXXGol (acyl acceptor) under the standardised conditions for 0, 6, 12 
and 24 h. The reaction mixture containing remaining soluble radioactivity was 
collected and subjected to TLC analysis [butan-1-ol/acetic acid/water (BAW), 2/1/1 
v/v/v, 2 ascents)], together 4 external radio-labelled markers: [3H]XXGol, [3H]XGol, 
[3H]cellobiitol and [3H]xylitol (yellow), followed by fluorography analysis. The un-
incorporated radioactive compounds were annotated besides the TLC plate (black). 
UD: un-denatured. D: denatured. 
                                                                                                                                            
In un-denatured samples, majority of the un-incorporated [3H]XXXGol was 
degraded to [3H]XXGol and [3H]XGol in 6 h, and almost completely into 
[3H]XGol after 24 h, whereas no degradation was detected in the denatured 
control and also in the 0-h samples, indicating that it was an enzymic 
degradation (Fig. 59). The imperfect alignments between samples and 
markers were because some sugars are liberated into incubation mixture 
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from pea epidermis samples, and the salts from incubation buffer, resulting in 
retarding the [3H]XXGol and [3H]XGol migration (Fig. 59).  
The most likely enzymes to have caused the degradation were α-D-
xylosidase (Guillen et al., 1995) and β-D-glucosidase (Miyamoto et al., 1997) 
(reviewed by Fry, 1995; Franková and Fry, 2013), which hydrolyses the α-D-
xylopyranosyl-(1→6)-D-glucose and β-D-glucopyranosyl-(1→4)-D-glucose 
bonds respectively. The xylose is removed first, making the remaining 
glucose of the former X unit labile to β-D-glucosidase, resulting in a complete 
erasure of an X (Koyama et al., 1993).  
This fluorography partially answered the first hypothesis, that the degradation 
of exogenous [3H]XXXGol caused no incorporation, but it needed to be fully 
solved by assaying acceptor abilities of the [3H]XXXGol degradation products 
with pea epicotyl epidermis as above. Thus, [3H]XXGol, [3H]XGol, 
[3H]cellobiiotol and [3H]glucitol, together with [3H]XXXGol itself were tested in 
situ.  
The CMNaOH-releasable 3H incorporation ratio clearly showed that the 
longest molecule, [3H]XXXGol was the best acceptor substrate, exhibiting 
~2% incorporation from 6-h incubated un-denatured epidermis samples, and 
this value was reduced sharply to ~0.2% when [3H]XXGol was the substrate 
(Fig. 60a). These incorporations were enzymic because the un-denatured 
samples released significantly higher 3H than the denatured control did (P < 
0.01) (Fig. 60). [3H]XGol and the other smaller molecules were not 
incorporated (P(un-denatured vs. control) > 0.05) (Fig. 60).  
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The fluorography (Fig. 59) and the in-situ assay results (Fig. 60) together fully 
confirmed that the enzymic degradations of exogenous [3H]XXXGol caused 
the incorporation plateau. However, more data suggested that it is not the 
only reason (the next section).   
In summary, [3H]XXXGol was much preferred by the putative cutin-to-
XXXGol transacylase than its smaller building blocks; and to prevent the 
degradation, a shorter incubation time and/or adding glycosidase inhibitors 
should be considered.  
 
Figure 60. Acyl acceptor abilities of [3H]XXXGol and its building blocks under 
the catalysis of the proposed cutin-to-[3H]XXXGol transacylase in pea epicotyl 
epidermis in situ. Experimental details were as in figure 54, except 0.58 kBq of 
exogenous [3H]XXXGol and its building blocks were supplied as the acyl acceptors. 
The CMNaOH-releasable radioactivity ratio (%) illustrate these compounds’ acceptor 
abilities. (a). CMNaOH-releasable radioactivity ratio (%) from un-denatured 
epidermis samples. (b). Denatured epidermis samples (control). Bars indicate standard 
errors (n=3).  
A value of 1% CMNaOH-releasable radioactivity/50 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 110 cpm/50 mg epidermis.  
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Strategies to prevent the [3H]XXXGol degradations 
To prevent the degradations and in turn, obtain more putative cutin-to-
XXXGol transacylase products, potential α-D-xylosidase inhibitors (e.g. 
erythrosin B, riboflavin and nojirimycin-1-sulfonic acid) were added to the 
incubation buffer (Tajima et al., 2011; Chormova et al., 2015), and incubated 
under light (resource: bulb; intensity: ~9 µmol/m2/s) at room temperature. 
However, a plateau was reached again from 4 h onwards, and they did not 
improve 3H incorporation significantly compare with the inhibitor-free control 
(P > 0.05) (Fig. 61). The CMNaOH hydrolysis was not carried out because 








Figure 61. Screen of the inhibitors to antagonist α-D-xylosidase activity in pea 
epicotyl epidermis in situ. Experimental details were as in figure 54, except pea 
epicotyl epidermis was incubated with 0.26 kBq exogenous [3H]XXXGol (acyl 
acceptor) together with or without 25 µM (final conc.) Erythrosin B, 50 µM riboflavin 
and 0.01 mg/ml nojirimycin-1-sulfonic acid. The total incorporated radioactivity ratio 
(%) illustrates the effects of these α-D-xylosidase inhibitors on the putative cutin-to-
[3H]XXXGol transacylase activity. Bars indicate standard errors (n=3).  























































 No inhibitor  25 uM Erythrosin B  50 uM Riboflavin  0.01 mg/ml Nojirimycin-1-sulfonic acid
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A value of 1% total incorporated radioactivity/50 mg epidermis/supplied radioactivity 
corresponds to an absolute incorporation of 50 cpm/50 mg epidermis.  
 
Thus, the incubation time did not need to be as long as 4 or 6 h, because the 
maximum incorporation may occur much before that. Thus, pea epicotyl 
epidermis was assayed with [3H]XXXGol in situ again, but with a finer 
temporal resolution than experiments above (Fig. 62a). The CMNaOH-
releasable 3H ratio was linearly increased until 80 min (Fig. 62a). This result 
and a TLC analysis of the incubation mixture indicated again that the 
enzymic degradations caused the incorporation plateau, because 80 min was 
also the time point when [3H]XXGol started appearing (Fig. 62b). The 
CMNaOH-releasable 3H may have further increased till 320 min but with a 
much slower speed than the first 80 min (Fig. 62a), and [3H]XXGol was the 
dominant exogenous substrate at 320 min, while [3H]XGol also appeared 









































































                                                                                                                                            
Figure 62. The correlation between the substrate degradation and the proposed 
cutin-to-[3H]XXXGol transacylation reaction speed in situ. Experimental details 
were as in figure 54, except 0.79 kBq exogenous [3H]XXXGol was supplied as the 
acyl acceptor.  
(a) The CMNaOH-releasable radioactivity ratio (%) illustrates the endogenous cutin-
to-[3H]XXXGol transacylase activity (n=1). A value of 1% CMNaOH-releasable 
radioactivity/50 mg epidermis/supplied radioactivity corresponds to an absolute 
incorporation of 150 cpm/50 mg epidermis.  
(b) The un-incorporated radioactivity was analysed by TLC (BAW, 2/1/1, v/v/v, 3 
ascents), and then radio-scanned for 1 h per lane (unit: counts) to annotate the chemical 
compositions. Green lines: un-denatured epidermis samples (UD). Red lines: 
denatured epidermis samples (D).  
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Summarizing the results above (Fig. 62), we decided the incubation time of 
the cutin-to-[3H]XXXGol in-situ assays should be 3 h, which allows the 
putative transacylase activity not to be underestimated and the best 
substrate, [3H]XXXGol to be still available.   
In this section, I concluded that no effective α-D-xylosidase inhibitors could be 
found to prevent the [3H]XXXGol degradation reactions, and the 3-h 
incubation time is enough to obtain the same amount of CMNaOH-releasable 
3H as the 24-h one.  
The remaining question was, as I have stated above, whether the 
[3H]XXXGol degradation might not be the only reason to cause the plateau 
seen in Fig. 62a. The second possibility, the degradation of the possible 
cutin-to-XXXGol transacylase in the course of incubation, was examined by 
adding the putative acyl acceptor, [3H]XXXGol to pea epicotyl epidermis at 
different timings (Fig. 63).  
The CMNaOH-releasable 3H ratio from the group that incubated with 
[3H]XXXGol for the first (‘early’) 80 min was significantly higher (1.4-fold; P < 
0.05) than from the group, which [3H]XXXGol was added after the epidermis 
had been incubated in buffer alone for 80 min (‘late’: allowing the putative 
transacylase to be denatured prior to the transacylation reaction) (Fig, 59). 
This observation suggested that the possible cutin-to-XXXGol transacylase 
activity was significantly decreased after 80 min of incubation, agreeing with 
our hypothesis.  
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A similar trend as in Fig. 62a was also observed: samples incubated with 
[3H]XXXGol for 80 and 160 min did not release significantly different amount 
of 3H in CMNaOH (Fig. 63) even though the putative transacylase activity 
(Fig. 63) and exogenous [3H]XXXGol are still available in the ‘late’ 80 min 
(Fig. 62b), suggesting another mechanism is involved in causing the plateau 







Fig. 63. An in-situ enzyme stability test for the putative cutin-to-[3H]XXXGol 
transacylase in pea epicotyl epidermis. Experimental details were as in figure 58, 
except [3H]XXXGol 80 mg blot-dried pea epicotyl epidermis (acyl donor) was added 
with 5.4 kBq [3H]XXXGol (acyl acceptor) from the beginning for 80 min (early 80-
min), or without [3H]XXXGol for the first 80 min and then added with 6.9 
[3H]XXXGol (late 80-min), or 7 kBq [3H]XXXGol from the beginning for 160 min 
(total 160-min). The CMNaOH-releasable radioactivity ratio (%) illustrate the effects 
of incubation time on the putative cutin-to-[3H]XXXGol transacylase’s stability. Bars 
indicate standard errors (n=3). *: P< 0.05; **: P < 0.01.   
A value of 1% CMNaOH-releasable radioactivity/50 mg epidermis/supplied 
radioactivity corresponds to an absolute calculated incorporation of 1027–1317 
cpm/50 mg epidermis.  
 
The third possibility was that the ester bonds in the possible cutin–
[3H]XXXGol conjugates are broken by potential apoplastic lipase(s) when the 
































































conjugate concentration reaches a threshold, resulting in an equilibrium 
between the proposed transacylation product (cutin–[3H]XXXGol) and 
reactants (e.g. [3H]XXXGol).  
This hypothesized turnover was tested by supplying a general hydrolase 
(including lipases) inhibitor, phenylmethylsulfonyl fluoride (PMSF) (Kanwar et 
al., 2005; Appendix 1) to in-situ assays with [3H]XXXGol as the acyl acceptor. 
The 3H incorporation ratio is expected to be increased upon adding PMSF.  
However, there was no significant difference (P > 0.05) between the samples 
with or without PMSF (Fig. 64), suggesting that no PMSF-inhibitable lipase 
hydrolysed the cutin–[3H]XXXGol conjugates (the putative transacylase’s 
product), but a more specific lipase (e.g. cutinase) inhibitor should be tested 
in future. The significant (P < 0.01) contrast between the two un-denatured 
groups with the denatured control again confirming that it was an enzymic 







Fig. 64. The test of a possible lipase acting on the putative product of cutin-to-
[3H]XXXGol transacylase in pea epicotyl epidermis. Experimental details were as 





























































in figure 43, except 0.68 kBq [3H]XXXGol (acyl acceptor) together with 0.5 mM (final 
concentration) PMSF (dissolved in DMSO) or 0.77 kBq [3H]XXXGol without PMSF 
were supplied to the pea epicotyl epidermis (acyl donor) for 3 h at room temperature. 
The CMNaOH-releasable radioactivity ratio (%) illustrate the effects of PMSF on the 
putative cutin-to-[3H]XXXGol transacylase activity. Bars indicate standard errors 
(n=3).  
A value of 1% CMNaOH-releasable radioactivity/50 mg epidermis/supplied 
radioactivity corresponds to an absolute calculated incorporation of 128 or 145 cpm/50 
mg epidermis.  
 
Taken together, the observed 3H incorporation plateau at 80 min (Fig. 62a) is 
proposed to be because of multiple reasons, but it was difficult to 
characterise them in situ. Therefore, only two possible mechanisms were 
elucidated here: (1) the favourable substrate, [3H]XXXGol started being 
degraded from 80 min; (2) the possible cutin-to-XXXGol transacylase was 
also degraded after the same time.  
Xyloglucan-related acceptor substrates: cutin-to-[3H]XXFGol transacylation 
Besides XXXG, XXFG is another abundant building block of xyloglucan 
(reviewed by Takahisa and Rumi, 2011). The X represents the α-D-
xylopyranosyl-(1→6)-D-glucose as in XXXG, and the F has an additional α-L-
fucopyranosyl-(1→2)--D-galactopyranosyl segment attach to xylose at C-2  















                   
 
Figure 65. Structural formula of [3H]XXFGol. XXFG and its radiolabelled version 
[3H]XXFGol are structurally similar to XXXG in figure 42 except that an additional 
D-galactose (hexose) is glycosidically linked to the third X (from the left) via a β-1→2 
bond. An L-fucose (deoxyhexose) is also glycosidically linked to the galactose via α-
1→2 bond. As in figure 42, the fourth glucose (from the left, G) is the last unit in this 
xyloglucan building block, and in most cases, it is attached to the next building block 
in muro (no reducing end). In the laboratory, we mimicked this situation by reducing 
the G with NaB3H4 to glucitol (Gol), which does not have the oxo group at C-1 and is 
radiolabelled at position 1 to produce [3H]XXFGol.  
 
To test if XXFGol is also a substrate of the putative cutin transacylase, it was 
assayed in situ as above. Surprisingly, unlike ~2% of the supplied 
[3H]XXXGol becoming incorporated via CMNaOH-labile bonds in un-
denatured epidermis samples (Fig. 58b and 58a), only a trace, ~0.3% of 
supplied [3H]XXXFol, was incorporated in this form (Fig. 66). In contrast, a 
much higher amount of radioactivity (~13%) was released by XEG from 1.5-h 
incubated un-denatured epidermis samples (Fig. 66). This XEG-releasable 
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radioactivity represented the XET product, which was quantitatively similar to 
that obtained in [3H]XXXGol experiments (16%) (Fig. 74a), indicating that 
even though [3H]XXFGol was not a preferred substrate of the putative 
transacylase, it was a good substrate of XET as reported before (Fry et al., 








Figure 66. The putative cutin-to-[3H]XXFGol transacylase activity in pea epicotyl 
epidermis in situ. Experimental details were as in figure 54, except 0.34 kBq 
exogenous [3H]XXFGol was supplied as the acyl acceptor. The CMNaOH-releasable 
radioactivity ratio (%) (navy circles) illustrates the endogenous cutin-to-[3H]XXFGol 
transacylase activity. The 0.1% (w/v) XEG-releasable radioactivity ratio (%) (green 
and pink triangle) shows the endogenous XET activity. UD: un-denatured epidermis 
samples. D: denatured epidermis samples (control). Bars indicate range (n=2).   
A value of 0.1% CMNaOH- or 0.1 (w/v) XEG-releasable radioactivity/50 mg 
epidermis/supplied radioactivity corresponds to an absolute incorporation of 6.4 
cpm/50 mg epidermis.  
 
The big contrast of the putative cutin: [3H]oligoxyloglucan transacylase 
activities when using [3H]XXXGol and its longer side-chain version, 
[3H]XXFGol, as substrates may gave a hint of where possibly cutin was 




















































 UD, CMNaOH  D, CMNaOH  UD, XEG  D, XEG
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linked to. For example, cutin might be ester-bonded to the ‘X’ next to the 
‘Gol’, and therefore the additional galactose and fucose (in ‘F’) imposed steric 
hinderance to the putative transacylase and the donor (cutin)’s approach, 
resulting in almost no product. However, a more precise suggestion as to the 
linking point, e.g. the glucose or xylose of the third ‘X’ and which –OH was 
involved can only be speculated in this thesis (more discussions later).  
4.2.3 Secondary cell wall hemicellulosic oligosaccharides’ acceptor abilities 
Cutin-to-[3H]Man3-ol transacylation  
Although we hypothesized that cutin and polysaccharides are linked during 
rapid growth, we cannot exclude the possibility that cutin also covalently 
bonds to secondary cell wall components after cell expansion is ceased, 
especially as the pH optima of the cutin-to-oligosaccharide transacylase had 
suggested this (Fig. 46–46).  
Homomannan (β-1→4-linked) is found in secondary cell wall hemicellulose, 
involved in supporting land plants mechanically and acting as a non-starch 
carbohydrate reservoir (reviewed by Moreira and Filho, 2008). Unlike 
[3H]XXXGol and [3H]XXFGol (Fig. 42 and 61), the –OH groups of 1→4-linked 
-D-mannopyranosyl residues at C-6 point to the same direction, resulting in 
strong H bond formation with endogenous polysaccharide in the cuticle, and 
the non-covalently incorporated substrate is difficult to be removed by MFW, 
interfering with the covalently (e.g. ester bond) incorporated one. Thus, 
instead of a heptasaccharide as [3H]XXXGol, a shorter mannan oligomer, 
176 
 
[3H]Man3-ol (a trisaccharide, with no reducing group) (Fig. 67) was assayed 
with pea epicotyl epidermis in situ. 
                                                                                                                                
Figure 67. Structural formula of [3H]Man3-ol. Tritiated labelled Man3-ol 
([3H]Man3-ol) is composed of  three 1→4-linked -D-mannopyranosyl residues whilst 
the last one was reduced to mannitol and tritiated labelled at C-1.  
 
After a 24-h incubation under the standardised conditions, no enzymic 
incorporation was seen on comparing the un-denatured group with the 
denatured control (P > 0.05) (Fig. 68), suggesting that cutin does not link to 












Figure 68. The proposed cutin-to-[3H]Man3-ol transacylase activity in pea 
epicotyl epidermis in situ. Experimental details were as in figure 54, except 0.26 kBq 
exogenous [3H]Man3-ol was supplied as the acyl acceptor. The CMNaOH-releasable 
radioactivity ratio (%) illustrates the endogenous cutin-to-[3H]Mna3-ol transacylase 
activity. Green lines: un-denatured epidermis samples (UD). Red lines: denatured 
epidermis samples (D). Bars indicate standard errors (n=3).  
A value of 0.01% CMNaOH-releasable radioactivity/50 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 1 cpm/50 mg epidermis.  
 
Cutin-to-[3H]Xyl5-ol transacylation 
Homoxylan, composed of β-1→4-linked xylanopyranosyl residues, is another 
common secondary cell wall hemicellulose. It plays a role in strengthening 
plants mechanically as mannan does (reviewed by Zhong et al., 2019).  
I assayed [3H]Xyl5-ol (a pentasaccharide with no reducing group) (Fig. 69) in 
situ as above. Similar result was obtained as [3H]Man3-ol: there was no 
incorporation into un-denatured epidermis samples (Fig. 70). The 
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incorporation was only higher in un-denatured epidermis samples than in the 
denatured control at 6 h, but further chemical and enzymic degradation 
results indicated that it was because of the un-through MFW wash (data not 
shown).  
                                                                                                                                
Figure 69. Structural formula of [3H]Xyl5-ol. Tritiated labelled Xyl5-ol ([
3H]Xyl5-
ol) is composed of  five 1→4-linked -D-xylanopyranosyl residues whilst the last one 









Figure 70. The proposed cutin-to-[3H]Xyl5-ol transacylase activity in pea epicotyl 
epidermis in situ. Experimental details were as in figure 54, except 0.85 kBq 
exogenous [3H]Xyl5-ol was supplied as the acyl acceptor. The CMNaOH-releasable 
radioactivity ratio (%) illustrates the endogenous cutin-to-[3H]Xyl5-ol transacylase 
activity. Green lines: un-denatured epidermis samples (UD). Red lines: denatured 
epidermis samples (D). Bars indicate standard errors (n=3). No bars for the ‘denatured’ 
group (n=1).  
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A value of 0.1% total incorporated radioactivity/50 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 16 cpm/50 mg epidermis.  
 
In summary, these two negative results suggested that cutin is likely to only 
link with primary cell wall components, especially XXXG domains in 
xyloglucan.  
4.3 Cutin-to-XGO transacylase ex situ 
In the in-situ experiments above, the endogenous putative transacylase was 
believed to be nearby cutin, in a hydrophobic environment. To test whether 
the transacylase activity is still detectable when the environment is purely 
aqueous, I extracted apoplastic enzymes from frozen and thawed dark-grown 
pea epicotyl epidermis (Chapter 2), followed by incubating the extract with 
prepared pea epicotyl epidermis (no endogenous active enzymes, no wax; 
Chapter 2) and the best performing radio-labelled substrate, [3H]XXXGol.  
Like in in-situ assays (e.g. Fig. 58b), [3H]XXXGol was incorporated into 
epidermis in a form capable of being released back to solution by CMNaOH 
hydrolysis (Fig. 71), indicating that the putative transacylase was still active 
after being extracted into aqueous buffer. The optimum pH (6.5) decided by 
in-situ assays was used, and high (350 mM) ionic strength buffer (succinate, 
Na+) did not show any significant benefit compared with 10-fold diluted buffer 
(35 mM) (P > 0.05) (Fig. 71), suggesting that the putative transacylase may 
not be ionically bonded to epidermis (i.e. concentrated buffers can compete 
with enzymes in forming ionic bonds to epidermis).  
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Figure 71. The optimization of the putative cutin-to-[3H]XXXGol transacylase 
extraction buffer for ex-situ assays. Low (35 mM; the routine concentration for in-
situ assays) and high (10 X) concentrations of succinate (Na+) (pH 6.5) buffers were 
used to extract apoplastic enzymes of pea epicotyl epidermis with or without the 
addition of 1% (v/v) Triton X-100, 10 mM DTT and 5 mM EDTA. The prepared 
(dewaxed) pea epicotyl epidermis (50 mg dry weight; acyl donor) without active 
endogenous enzymes was incubated with 300 µl apoplastic enzyme extract and 0.37–
0.53 kBq exogenous [3H]XXXGol (acyl acceptor) at room temperature for 1 day. The 
CMNaOH-releasable radioactivity ratio (%) illustrates the effects of buffers on the 
cutin-to-[3H]XXXGol transacylase activity. Bars indicate range (n=2). *: P < 0.05. **: 
P < 0.01. 
A value of 1% CMNaOH-releasable radioactivity/50 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 70–100 cpm/50 mg 
epidermis.  
 
Addition of Triton X-100 (a non-ionic detergent to destroy cell membranes), 
EDTA (a metal ion chelator) and DTT (a reducing agent) (Konigsberg, 1972) 
to the extraction buffer improved [3H]XXXGol incorporation significantly (P < 
0.01 or 0.05) (Fig. 71). These effects suggested that (1) the putative 
transacylase may be susceptible to existing Ca2+-dependent proteases 




































































(Ayache et al., 2006) because EDTA improved the proposed transacylase 
activity and/or extraction; (2) the putative transacylse does not require a 
metal ion co-factor, and some divalent ions in epidermis may even harm its 
activity also because EDTA was beneficial; (3) its 3-dimensional (3-D) 
structure may allow cysteine residues to form undesired disulphide bonds 
because DTT improved the activity. 
In a repeat experiment, the high ionic strength buffer did not have impact on 
the putative transacylase extraction efficiency consistently; 10 mM DTT 
increased the putative transacylase products’ quantity, but not as much as 
the 1% (v/v) Triton X-100 and 5 mM EDTA (Fig. 72) did. Combining Triton X-
100 and EDTA together did not harm the transacylase activity and extraction, 
but also did not dramatically improve it compared with Triton X-100 alone 
added to the high-concentration buffer (Fig. 72). The addition of Triton X-100 
to the low-concentration buffer also improved the transacylase activity and 
extraction, but the CMNaOH-releasable 3H was only 67% of the more 
concentrated buffer group (Fig. 72). The rest of the combinations generated 
similar amount of CMNaOH-releasable radioactivity (Fig. 72).  
Comparing all the samples together, the 350 mM succinate (Na+) buffer, pH 
6.5 with 1% (v/v) Triton X-100 was the best to extract and keep the putative 
cutin-to-XXXGol transacylase activity (Fig. 72), and therefore it was used for 
subsequent ex-situ assays. Moreover, the addition of EDTA benefited the 
proposed transacylase activity, and thus the effect of metal ions on the 














Figure 72. A repeat test of the optimizing putative cutin-to-[3H]XXXGol 
transacylase extraction buffers for ex-situ assays. Experimental details were as in 
figure 63, except 3 mg prepared pea epicotyl epidermis was incubated with 0.69–0.74 
kBq exogenous [3H]XXXGol (acyl acceptor. And all the possible combinations of 
Triton X-100, DTT and EDTA were also tested. The CMNaOH-releasable 
radioactivity ratio (%) illustrates the buffers’ effects on the cutin-to-[3H]XXXGol 
transacylase activity. No bars (n=1).   
A value of 1% CMNaOH-releasable radioactivity/3 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 130–140 cpm/3 mg 
epidermis.  
 
4.4 Cutin-to-XXXGol transacylase products analysis 
It has been reproducibly observed that [3H]XXXGol can be enzymically 
incorporated into pea epicotyl epidermis in- and ex-situ (e.g. Fig. 58b and 
66). The next question is which epidermal component was enzymically 
bonded with [3H]XXXGol, and whether [3H]XXXGol was modified during 
and/or after being incorporated. Thus, the enzymic product required to be 
identified.  
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4.4.1 Un-incorporated radioactivity and wax–[3H]XXXGol conjugate in the 
enzymic products 
I incubated frozen/thawed, cold-buffer-washed dark-grown pea epicotyl 
epidermis with [3H]XXXGol for 3 h under the optimized conditions, and after 
being washed in MFW (5/1/5, v/v/v), the insoluble residue was again washed 
in toluene, CM (2/1, v/v) and CMW (10/10/3, v/v/v) sequentially as in Chapter 
3, to thoroughly remove un-bonded radioactivity and possible hydrophobic 
interferences, such as wax oligoester–[3H]XXXGol product. Oligoesters are 
proposed to be soluble in acidic and neutral organic solvents, whereas cutin 
(polyester) and its conjugate are insoluble.  
The MFW wash was analysed by paper chromatography. Like the TLC 
analysis results (Fig. 62b), the majority of the supplied [3H]XXXGol had been 
degraded to [3H]XXGol and some [3H]XGol (Fig. 73a). There was no 
detectable remaining [3H]XXXGol, possibly because of the complete 
hydrolysis and/or technical reasons (i.e. the small quantity of [3H]XXXGol 
was spread out into a 3–4-cm smear on the chromatography paper, and 
therefore not detectable in individual 1-cm strips) (Fig. 73a). [3H]XXXGol was 
not hydrolysed in the denatured control as expected (Fig, 67b).  
There was no peak migrating faster than [3H]XGol did (Fig. 73a), indicating 
that there is no wax oligo-ester–[3H]XXXGol conjugate dissolved in MFW 
because the more hydrophobic compounds are proposed to move faster in 






















Figure 73. Chromatographic analysis of the acidified methanolic wash of 
[3H]XXXGol-incubated epidermis samples. Blotted-dry pea epicotyl epidermis (100 
mg fresh weight; acyl donor) with (a) or without (b) active endogenous transacylases 
was incubated with 13.7 kBq exogenous [3H]XXXGol (acyl acceptor) in 600 µl pH 
6.5 buffer at room temperature for 3 h.  MFW (5/1/5) was used to stop reactions and 
remove un-incorporated 3H-oligosaccharides. The supernatant was dried, and re-
dissolved in a small volume of MFW, and loaded onto Whatman No. 1 
chromatography paper [butan-1-ol/pyridine/water (BPW), 4/3/4, v/v/v, 48 h], together 
with external [3H]XXXGol (black) and XXXG (orange) markers. The solubilised 


































substances were identified by scintillation counting the paper strips (spatial resolution: 
1 cm) (unit: cpm).  
 
Radioactivity removed by the next three hydrophobic solvents (toluene etc.) 
from un-denatured epidermis samples accounted for only trace proportions of 
the supplied radioactivity (~0.01%–0.06%) (Fig. 74a), and the value was 
even decreasing from toluene to CMW, suggesting that (1) the un-bonded 
radioactivity has been efficiently removed; and (2) the CMW would provide a 
good control for later CMNaOH. Moreover, the very low radioactivity 
solubilized in neutral hydrophobic solvents suggested that (3) no wax oligo-
ester–[3H]XXXGol conjugate had been formed (Fig. 72a) because otherwise 
it could have been dissolved in these neutral hydrophobic solvents.  
The chemical analysis of these three extracts was not carried out because 
the negligible radioactivity may be under the detection limit of the employed 
chromatographic techniques.   
 
Figure 74. Quantification of all the chemical extractions and MFW-insoluble 
residues of [3H]XXXGol-incubated pea epicotyl epidermis. (a) After an MFW wash, 
aliquots of the supernatants of the toluene, CM (2/1, v/v), CMW (10/10/3, v/v/v), 


























































































































kBq)-incubated pea epicotyl epidermis (100 mg) were scintillation counted. (b) The 
insoluble residues after all the extraction and degradation treatments were scintillation 
counted. UD: un-denatured epidermis samples. D: denatured epidermis samples 
(control). Bars indicate range (n=2).  
A value of 1% incorporated radioactivity/100 mg epidermis/supplied radioactivity 
corresponds to a calculated (for CMNaOH) or absolute (for XEG etc.) incorporation 
of 2600 cpm/100 mg epidermis.  
 
4.4.2 Possible protein–[3H]XXXGol conjugate in the enzymic products 
Besides cutin and xyloglucan, another possible epidermal component to be 
covalently bonded with [3H]XXXGol is cell wall protein. The amino acids, 
such as asparagine and glutamine, whose β- and γ-carboxy groups are 
activated by amide (–CONH2), enabling them to potentially act as acyl donors 
(reviewed by Lamport, 1970). Thus, proteinase K was applied to the CMW-
washed epidermis samples, to look for amino acid–[3H]XXXGol conjugate, or 
even free [3H]XXXGol if proteinase K also has esterase activity (reviewed by 
Hedstrom, 2002). Like Chapter 3 results, proteinase K did not release any 3H 
back into solution (data not shown here), indicating that no [3H]XXXGol is 
covalently bonded with cell wall proteins, and the proteinase K employed 
does not catalyse ester hydrolysis.  
4.4.3 Probable cutin–[3H]XXXGol conjugate in the enzymic products 
After the proteinase K digestion, the epidermis samples were proposed to 
only contain two classes of enzyme products: (1) transacylase and (2) XET; 
and they should be carefully distinguished from each other.  
Lipase hydrolyses aqueous-insoluble esters (Chahinian and Sarda, 2009). 
However, a commercial lipase from Aspergillus niger (activity shown in 
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Appendix 2) was not able to release 3H from un-denatured epidermis 
samples, and it also has an XEG activity (preliminary data not shown), which 
interfered with the expected transacylase products. Thus, it was not used to 
identify the cutin–[3H]XXXGol conjugate.  
A cutinase (AN7541.2, activity was predicted by aligning nucleotide 
sequence with known cutinases from A. fumigatus and A. oryzae) (Liu et al., 
2009; Baker et al., 2012; Ping et al., 2017), encoded by an A. nidulans gene, 
was heterologously produced in P. pastoris (strain: SB). The cutinase was 
harvested by isolating the culture medium because it was designed to be 
secretory (Bauer et al., 2006) (Appendix 1). Nevertheless, similar to the 
results in Chapter 3 with [3H]HHA, this cutinase also did not release 
radioactivity from un-denatured epidermis samples fed [3H]XXXGol (data not 
shown here), even though it catalysed p-NPP hydrolysis (Appendix 1).  
So far, neither the general nor the specific lipase can hydrolyse the putative 
cutin–[3H]XXXGol ester bonds, and thus we used a general chemical 
method, CMNaOH (~0.5 M NaOH) as above, to hydrolyse cutin. It released 
~3% of the supplied radioactivity from the un-denatured epidermis samples, 
but only ~0.1% from the denatured control, indicating that the released 
radioactivity had been incorporated enzymically (Fig. 74a) as other in-situ 
results above. The remained unextracted 3H was ~16% of the supplied 
radioactivity was putatively XET product (Fig. 74a), much higher than the 
CMNaOH-liable product as expected (i.e. the XET activity is proposed to be 
higher than the putative cutin-to-xyloglucan transacylase activity due to (1) 
cutin and xyloglucan are in two separate layers in epidermis, naturally less 
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physical interaction compared with xyloglucan component-to-another one; (2) 
a non-intact xyloglucan or cutin can be problematic, but the lack of cutin–
xyloglucan conjugates may not cause dramatic changes.  
To study this alkali-labile product more thoroughly, after being neutralized, 
the CMNaOH hydrolysis supernatant was analysed by Bio-Gel P-2 column, 
which resolve compounds based upon their molecular weights (size 
exclusion column, Chapter 2) (Fig. 75). This technique was validated by 
comparing the ratio of Kav(XXXG) to Kav(XLLLG) (~1.2) (Fig. 75) with the published 
data (McDougall and Fry, 1988).  
The XET products, xyloglucan–[3H]XXXGol conjugates, were proposed to be 
stable in alkali as stated above, only the ester-bonded, putative cutin–
[3H]XXXGol conjugates can release [3H]XXXGol or its modified products in 
CMNaOH because of the ester bonds. In summary, even if the XET products 
were solubilised by CMNaOH, they would be eluted earlier than the proposed 
transacylase products because they should remain as oligomers and/or 
polymers.  
A small portion of each eluent fraction was quantified by scintillation counting 
(Fig. 74a) and another aliquot was analysed by TLC (Fig. 75) to explore the 
eluted identities of the solubilised 3H-labelled products. Unexpectedly, from 
the un-denatured epidermis samples, there was no radioactivity peak co-
eluting with the internal marker XXXG (Fig. 75a), indicating that the 
incorporated [3H]XXXGol was otherwise modified.  
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The first radioactive peak (fraction no. 12) was co-eluted with heavier 
oligosaccharides (e.g. XLLG, a nonasaccharide) than the initially supplied 
[3H]XXXGol (a heptasaccharide, Fig. 75a). It is unlikely to represent oligo-
xyloglucan–[3H]XXXGol conjugates, even small ones, produced by XET 
activity since these would not be expected to be soluble in CMNaOH, having 
failed to dissolve in MFW and CMW (Fig. 74a). Unless the increase of OH- 
ions compete with a xyloglucan polymer to form H-bonds with another one, 
resulting in solubilizing some short XET product. 
The second peak (fraction no. 19) from the un-denatured epidermis samples 
was co-eluted with XG (trisaccharide) and glucose, smaller than the initially 
supplied [3H]XXXGol (Fig. 75a). Since only the ester-bonded products can 
release compounds with the molecular sizes ≤ [3H]XXXGol (i.e. glycosidically 
bonded products should remain in oligo- and/or poly-mers), the second peak 
was very likely to be the proposed transacylase product, whose initial 
[3H]XXXGol moiety had also been degraded as well as the non-incorporated 
oligosaccharides (Fig. 73).  
In contrast, the denatured epidermis sample released a small peak (fraction 
no. 11) that eluted before XXXG, which may represent a much smaller (~40 
times) quantity of oligo-xyloglucan–[3H]XXXGol conjugates than in the un-
denatured epidermis samples (Fig. 75b). The majority of the radioactivity the 
second peak (fraction no. 14), which co-eluted with the XXXG internal marker 
(Fig. 75b), suggesting that the putative cutin-to-XXXGol transacylase may not 
be completely denatured, but the glycosidases were. Thus, I hypothesized 
that the boiling process denatured the enzymes localised in cell wall (XET, 
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glycosidases) more than the one in and/or close to cutin layer, such as the 
putative cutin-to-XXXGol transacylase. 
Figure 75. Chromatographic analysis of the CMNaOH-hydrolysed radioactive 
material from [3H]XXXGol-incubated pea epicotyl epidermis. The neutralized 
CMNaOH (10/10/3, v/v/v) supernatant was dried in a SpeedVac and re-dissolved in 
0.5% (w/v) chlorobutanol, together with five non-radio-labelled internal markers: 
dextran (polysaccharide), xyloglucan oligosaccharides (XLLG, XXLG and XXXG) 
and glucose. The compounds dissolved in CMNaOH were well resolved in Bio-Gel P-
2 column (volume: 120 ml; flowrate: 0.5 ml/min) according to their molecular weight 
(3 ml x 50 fractions). An aliquot of each fraction was scintillation counted to quantify 
the dissolved radioactivity. And the eluted compounds were roughly identified by 
comparing their fraction numbers with the internal markers’, which were visualized 
on TLC (BAW, 2/1/1, v/v/v, 3 ascents). Black dots: polysaccharide internal marker. 
Orange dots: big oligosaccharides. Magenta dots: short oligosaccharides (XLLG, 
XXLG, XXXG). Green dots: XG. Red dots: glucose. Un-denatured epidermis 
samples (a) and denatured (b) were compared.  
Kav was annotated for each peak and calculated as follows: the fraction number as the 
centre elution of a certain compound – the fraction number as the centre elution of 




To identify the second peak [Kav = 1.00, suggesting the degree of 
polymerisation (DP) ~ 3 because for the heptasaccharide, XXXG, the DP ≈ 
0.44] (Fig. 75), the corresponding fractions (no. 18–20) were further analysed 
by paper chromatography, which suggested that the 3H peak comprises 
[3H]XXGol and [3H]XGol, identified by comparing the scintillation counting 
data with the external radioactive and non-radioactive markers (Fig. 76).  
However, this result was puzzling: the previous in-situ assays showed that 
[3H]XXGol and [3H]XGol’s acceptor abilities were very poor (Fig. 60a) (0.2% 
and 0.03% of the supplied radioactivity was released by CMNaOH 
respectively), but the transacylase product was dominated by putative cutin–
[3H]XGol and cutin–[3H]XXGol conjugates. Moreover, the ratio of 
[3H]XGol/[3H]XXGol increased in the products than in the substrate mixture 
(Fig. 73a and  70). Hence, I suspect that the cutin–[3H]XXXGol or even cutin–
[3H]XXGol conjugates were formed first, and then the ‘cutin-substituted’ 
[3H]XXXGol and [3H]XXGol were better substrates for α-D-xylosidase than the 



















Figure 76. Paper-chromatography analysis of the Bio-Gel P-2 fractions 
containing the putative cutin-to-[3H]XXXGol transacylase products. The fractions 
18-20 were pooled and dried in a SpeedVac, and then re-dissolved in a small volume 
of 0.5% (w/v) chlorobutanol, which was then loaded onto Whatman No. 3 
chromatography paper (BPW, 4/3/4, v/v/v, 46.5 h), together with four external non-
radiolabelled markers: 40 µg glucose, 60 µg maltotriose (M3), maltopentaose (M5) 
and maltoheptaose (M7) (top); and four external radio-labelled markers: [3H]glucose, 
[3H]XGol, [3H]XXGol and [3H]XXXGol (bottom). All the markers were loaded at 
both sides (left and right) of the fractions 18–20 sample. The sample lane was then cut 
into 1-cm strips, to be scintillation counted (unit: cpm) (middle). The non-radiolabelled 
external markers were stained by silver nitrate. The radiolabelled external markers 
were radio-scanned for 1 h per lane (spatial resolution: 0.086 cm) (unit: counts).  
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In summary, a measurable trace of XET product was found to be dissolved in 
CMNaOH (~0.9% of the supplied radioactivity), and even contributed nearly 
half of the CMNaOH-releasable radioactivity (~42%) (calculated from Fig. 
75a). Despite this interference, putative cutin-to-[3H]XXXGol and -[3H]XXGol 
transacylase products were also found (~0.6% of the supplied radioactivity; 
~27% of the CMNaOH-releasable radioactivity) (calculated from Fig. 75a). 
This tandem chromatographic analysis of CMNaOH-releasable 3H was 
repeated in an independent experiment with the incubation time shortened to 
80 min (minimising the time available for hydrolysis of the supplied acceptor 
substrate by α-D-xylosidase and β-D-glucosidase action), in order to test 
whether the initially formed ester-bonded 3H could be mainly in the form of 
[3H]XXXGol (Fig. 77).  
The un-bonded 3H (remaining methanol-soluble) was also analysed to give a 
comparison with the putative ester-bonded products. Consistent with Fig. 
62b, the un-bonded [3H]XXXGol was partly degraded to [3H]XXGol 
([3H]XXGol / [3H]XXXGol ≈ 0.25) after 80-min incubation; the imperfect 
alignment between samples and markers could be because of the liberation 
of epidermal sugars into the supernatant (Fig. 77a). Alternatively, the 
‘heptasaccharide’ [3H]XXXGol-annotated peaks in MFW washes may 
represent products of trans-α-xylosidase activity, such as the 
hexasaccharides [3H]GXXGol and [3H]VXGol and the octasaccharide 
[3H]VXXGol (Franková and Fry, 2012). However, there was no hint of such 
products in other comparable experiments (Fig. 59, 58 and 67), and also 
GXXGol is not stable in the presence of β-D-glucosidase activity (Miyamato 
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et al., 1997), suggesting that the peaks may indeed be remaining intact 
[3H]XXXGol (Fig. 77a), which was clearly observed in Fig. 62b.  
I expected to capture the CMNaOH-releasable [3H]XXXGol being co-eluted 
with XXXG from the Bio-Gel P-2 column this time because the short 
incubation time should not allow appreciable degradation, unlike in Fig. 73. 
However, a pattern was obtained similar to that in Fig. 75a: a higher peak of 
3H was co-eluted with large oligosaccharides (Kav = 0.11), which were 
putatively longer than the initially supplied [3H]XXXGol; and the lower peak 
(Kav = 0.89) was co-eluted with a putative trisaccharide, XG, again even 
though there was no [3H]XGol formed in the incubation mixture (Fig. 77a and 
71b).  
The fractions constituting the lower 3H peak (fraction no. 17–19) were pooled 
as in the last experiment, and further analysed by paper chromatography 
(Fig. 77c). By comparing the Bio-Gel-eluted fractions with radioactive and 
non-radioactive markers, I found that [3H]XXXGol (the peak shoulder) and 
[3H]XXGol (the peak summit) comprise the ‘trisaccharide’-co-eluted 3H  (Fig. 
77c: they are not separated well by the paper chromatography, maybe 
because the ~3 mg internal markers interfered with running), which was not 
expected. This finding suggested that the Bio-Gel P-2 column may not 
separate compounds based on their molecular weights precisely, making it a 
facilitating tool rather than a sole one in this project. Based on the hypothesis 
that only ester-bonded products can release the compounds with molecular 
weight ≤ [3H]XXXGol in alkali, I conclude that the putative transacylase 
products in this experiment were cutin–[3H]XXXGol and cutin–[3H]XXGol 
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(Fig. 77c). Noticeably, the [3H]XXGol/[3H]XXXGol ratio became higher in the 
putative transacylase products than in the substrates (Fig. 77a and c), 
consistent with the previous observation (Fig. 73 and 70) and agreeing with 
the hypothesis: the cutin-linked [3H]XXXGol is a better substrate for 
glycosidases than the free oligosaccharides.  
  











































































































Figure 77. Chromatographic analysis of unincorporated [3H]XGOs and cutin-
esterified [3H]XGOs in an 80-min incubated in-situ assay. Experimental details 
were as in figure 67–70, except 80 mg pea epicotyl epidermis (acyl donor) was 
c). 
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incubated with 5.4 kBq [3H]XXXGol in 0.48 ml pH 6.5 buffer at room temperature 
for 80 min. (a) Paper chromatographic (BPW, 4/3/4, 46 h) analysis of MFW-soluble 
products; the positions of non-radioactive external markers are marked by coloured 
horizontal lines; profiles of radioactive markers are also shown (bottom) (radio-
scanned: 40 min per lane). (b) Size-exclusion chromatographic (Bio-Gel P-2) 
analysis of CMNaOH-releasable radioactivity (3 ml x 50 fractions; flowrate = 0.5 
ml/min). Kav values were calculated as in figure 69. Black dots: polysaccharide 
internal marker. Orange dots: big oligosaccharides. Magenta dots: short 
oligosaccharides (XLLG, XXLG, XXXG). Green dots: XG. Red dots: glucose. (c) 
Paper chromatographic (as in a) analysis of the radioactivity peak co-eluted with XG 
(trisaccharide) plus glucose in (b); silver-stained non-radioactive markers: 40 µg 
glucose, 80 µg each of maltotriose (M3), maltopentaose (M5) and maltoheptaose 
(M7) at top, radioactive markers at bottom (radio-scanned: 40 min per lane) 
 
Taking these two independent experimental results together, we found that a 
small proportion of the XET product can be solubilized in CMNaOH (Fig. 75 
and 71). Hence, to avoid any confusion between transacylase and XET 
products in the results below, the XET product was always quantified as a 
reference for the CMNaOH-releasable 3H. Moreover, the apparent promoting 
effect of cutin-linkage on glycosidase activities was also consistently 
observed, suggesting that it is not an artefact, but the mechanism remains a 
question here.   
Since the initial transacylase product was believed to be cutin-to-[3H]XXXGol 
and -[3H]XXGol, the newly discovered transacylase was named cutin-to-XGO 
transacylase in this chapter.  
4.4.4 Xyloglucan–[3H]XXXGol conjugate in the enzymic products 
To have a quantitative comparison between the newly found cutin-to-XGO 
transacylase and the well-established XET activities, the CMNaOH-
hydrolysed epidermis samples were digested XEG. About 25-fold more 
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radioactivity was released than by CMNaOH from un-denatured epidermis 
samples (Fig. 74a); and negligible realised 3H from the denatured control 
(0.03% of the supplied radioactivity) (Fig. 74a). There was still some 3H left 
after this XEG hydrolysis treatment, very likely remaining XET product (Fig. 
74b) because putatively there was no cutan (non-alkali hydrolysable 
polyether made of n-alkane or alkene; Gupta et al., 2006) in pea epicotyl 
epidermis (Chapter 3), and therefore no cutan–[3H]XXXGol conjugate; and 
the CMNaOH was evidenced to hydrolyse ester bonds thoroughly (Chapter 
3).  
These results indicated that the XET activity is much higher than the 
transacylase activity, but this observation was expected because the cutin–
oligosaccharide hetero-polymer quantity is believed to be less than either of 
the homo-polymers (xyloglucan and cutin), due to the physical localisations 
(i.e. xyloglucan and cutin are in two separate layers) and also their 
physiological vitalities (i.e. the lack of xyloglucan or cutin can be dramatic for 
plants, but the cutin–xyloglucan conjugate may not be that vital).   
In summary, I found the novel cutin-to-XGO transacylase activity by 
employing enzymic and chemical extraction, as well as degradation methods. 
The final product was identified as cutin–[3H]XXGol and cutin–[3H]XGol 
(~0.6% of the supplied radioactivity in total) after 3 h incubation, and cutin–
[3H]XXXGol and cutin–[3H]XXGol after 80 min because the initial [3H]XXXGol 
was hydrolysed by glycosidases. Under the comparable conditions, this 
product quantity (~0.6% of supplied radioactivity; Fig. 75a) was similar to that 
of cutin-to-HHA transacylase, which was ~0.7% of the supplied radioactivity 
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(Chapter 3), suggesting that these two cutin transacylases are active at a 
similar level in planta. Moreover, the newly discovered cutin remodelling 
transacylase, cutin-to-XGO transacylase activity was much smaller than the 
xyloglucan re-modelling, XET’s activity, suggesting a very low abundance of 
cutin–xyloglucan links in nature. Another possible explanation of the low 
activity is that [3H]XXXGol may not be a preferable acyl acceptor for the new 
cutin-to-XGO transacylase activity, polymeric xyloglucan molecules may be a 
better option. However, this hypothesis cannot be answered in this thesis due 
to technical limitations mentioned in introduction ([3H]xyloglucan forms H-
bonds with epidermal polysaccharides and interfere analysis of the 
transacylase product).  
4.5 Attempts to identify the putative cutin-to-XGO transacylase  
The sections above introduce the presence of cutin-to-XGO transacylase 
activity in pea epicotyl epidermis, very likely also in ice plant leaf and tomato 
fruit epidermis. Nevertheless, the identity of this novel transacylase was still 
unknown. The cutin-to-XGO transacylation was proposed to be catalysed by 
a GDSL enzyme as in Chapter 3 (Fig. 6). As the only well-characterised 
cutin-related GDSL transacylase, CD1 was the first candidate to be tested 
(Yeats et al., 2012).  
4.5.1 CD1 activity on [3H]XXXGol in situ 
The first strategy was assaying cd1-knockout tomato fruit (cv. M82) 
epidermis versus the WT with [3H]XXXGol as the acyl acceptor in situ. 
However, the amount of CMNaOH-releasable 3H from un-denatured 
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epidermis of cd1-knockout tomato fruit was only slightly lower than the one 
from WT (P > 0.05) (Fig. 78a), suggesting that the observed transacylase 
activity was at least not solely from CD1. To test whether the XET product 
dissolved in CMNaOH contribute to this observation, the CMNaOH-insoluble 
residue was hydrolysed by TFA to quantify the majority of the XET product.  
The XET activity was slightly higher in the cd1-knockout (Fig. 78b), 
suggesting that the cd1 mutation did not affect XET activity.  Thus, XET 
activity may not interfere with the observation that less 3H incorporated into 
CMNaOH-releasable form, supporting the hint that CD1 has the novel 
transacylase activity. However, this speculation required to be answered by 
in-vitro assays without interferences.  
 
Figure 78. The comparison between the putative cutin-to-[3H]XXXGol 
transacylase activity and the well-known XET activity in WT and cd1-knockout 
tomato fruit (cv. M82) epidermis in situ. The epidermis samples (50 mg; acyl donor) 
with or without active endogenous enzymes were incubated with 0.9 kBq exogenous 
[3H]XXXGol (acyl acceptor) under the standardised conditions for 24 h. (a) The 
CMNaOH-releasable radioactivity ratio (%) illustrates the endogenous cutin-to-
[3H]XXXGol transacylase activity. (b) The 2 M TFA-releasable radioactivity ratio (%) 
shows the endogenous XET activity. Bars indicate standard errors (n=3). No bars for 
the ‘WT, denatured’ group (n=1).  





















































































































A value of 1% releasable radioactivity/50 mg epidermis/supplied radioactivity 
corresponds to an absolute incorporation of 170 cpm/50 mg epidermis.  
 
4.5.2 His6-tagged CD1 activity on [3H]XXXGol and XXXG in vitro 
The preliminary conclusion above was not supported by assaying the 
heterologously produced (in Nicotiana benthamiana) and purified His6-tagged 
CD1 in vitro radiochemically and spectrophotometrically.  
Assaying His6-tagged CD1 activity radiochemically 
The purified His6-tagged CD1 was incubated with prepared M82 tomato fruit 
(the source of the CD1-encoding gene) epidermis and [3H]XXXGol. However, 
the addition of CD1 did not affect the 3H incorporation (P > 0.05), indicating 























Figure 79. CD1 shows negligible cutin-to-[3H]XXXGol transacylase activity in 
vitro. The prepared [wax and pectin were removed by boiling in chloroform for 90 s 
and in 0.2 M ammonium oxalate (pH 4.3) overnight respectively] tomato (cv. M82) 
fruit epidermis (10 mg; acyl donor) without active endogenous enzymes was incubated 
with 0.53 kBq exogenous [3H]XXXGol (acyl acceptor) with or without tobacco-
produced CD1 (1 µg) in 300 µl pH 6.5 buffer at 25°C for 3 days. The incorporated 
radioactivity ratio (%) illustrates the CD1’s cutin-to-[3H]XXXGol transacylase 
activity. Green line: un-denatured. Red lines: denatured (control). Bars indicate 
standard errors (n=3).  
A value of 0.1% total incorporated radioactivity/10 mg epidermis/supplied 
radioactivity corresponds to an absolute incorporation of 10 cpm/10 mg epidermis.  
 
Assaying His6-tagged CD1 activity spectrophotometrically 
As stated in Chapter 3, the artificial palmitate ester, p-nitrophenyl palmitate 
(pNPP) was used as an acyl donor, and a range of natural plant cell wall 
mono-, oligo- and polysaccharides were tested as the acyl acceptors of CD1 
(Fig. 80). However, none of them (including XXXG as a representative 
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activity was even decreased in the presence of them compared with water 
alone (P < 0.01 or 0.05) (Fig. 80). 
A comparable result was also observed in Chapter 3, with HHA as the 
potential acceptor substrate, and was hypothesized to be because the 
mobility of CD1 was impeded by the crowded carbohydrate molecules in the 
incubation mixture. Ester hydrolysis activity (P (+ CD1 vs. – CD1) < 0.01) (Fig. 79) 
of CD1 was demonstrated by comparing with proteins from WT tobacco 
(Chapter 3).  
 
 






Figure 80. Possible CD1 in-vitro activity on pNPP with various acyl acceptors 
(primary cell wall components). The artificial ester, pNPP (acyl donor) (final conc. 
= 0.5 mM) was incubated 0.1% (w/v) (final conc.) natural cell wall polysaccharide 
components with or without the purified His6-tagged CD1 (1 µg/100 µl) at pH 6.0 at 
25°C for 3 days. The CD1 activity was illustrated by quantifying one of the products, 
pNP by A405 at pH 7.15±0.02 (dilution factor relative to reaction mixture = 1.2). The 
actual CD1 activity was calculated as follows: reaction mixture A405 – Σ (pNPP-only 
A405 + CD1-only A405). The solvents-only A405 provided a blank, and the pNP A405 
provided a reference. pNPP: 0.5 mM p-nitrophenyl palmitate; pNP: 0.5 mM p-
































































































In summary, all the in-vitro results pointed to a clear conclusion that CD1 
does not catalyse the observed cutin-to-XXXGol transacylation reaction, only 
a hydrolysis activity.  
4.6 Age effects on cutin-to-XGO transacylase 
We had hypothesized that cutin-to-XGO transacylation occurs during rapid 
growth, which occurs at early developmental stages. However, the 
experiments demonstrated that the pH optimum (6.5–7.5) is slightly out of the 
range for early development (reviewed by Cosgrove, 2005), hinting that this 
transacylase may be more required in the stages post growth. Thus, 
screening the whole developmental process may give more information 
about its physiological function.  
4.6.1 Cutin-to-XGO transacylase activity through tomato fruit development 
I screened the whole developmental process of cv. M82 and Ailsa Craig 
tomato fruit in situ, their dramatic expansion (i.e. from 0.5 cm diameter to 5 
cm in 4 weeks) was predicted to provide a clear correlation between the 
cutin-to-XGO transacylase activity and cell expansion.  
Unexpectedly, even though these two varieties were from the same species 
and have the same size of mature tomato fruit, [3H]XXXGol incorporation into 
CMNaOH-releasable material peaked at 21 DAA of Ailsa Craig fruit 
epidermis (Fig. 81a), whereas for M82 it was at 30 DAA (Fig. 82a). 
Transcriptionally, this inconsistency of the cutin-to-XGO transacylase activity 
patterns during development within the species might be because the 
promoter was located at different alleles and/or different 5’ untranslated 
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region. Translationally, different inhibitors may present in these two tomato 
varieties at the same developmental stage.   
Since CMNaOH also dissolves a small proportion of the XET product (Fig. 75 
and 71b), and to test whether the results (Fig. 81a and 76a) were heavily 
affected by interfering XET activity, the polysaccharide in the CMNaOH-
insoluble residue was hydrolysed by TFA and quantified, to be compared 
with the CMNaOH-releasable 3H. Consistent with Fig. 74a, the XET activity 
was higher than the transacylase (Fig. 81 and 76), especially in Ailsa Craig 
samples (~10-fold). Even though the XET activity was also highest at 21 DPA 
(Fig. 81b) and 30 DAA (Fig. 82b) as the putatively novel transacylase activity 
(revealed by CMNaOH-releasable 3H), the general patterns were slightly 
different. For Ailsa Craig samples, XET activity dropped steeply at 28 DPA 
(Fig. 81b), instead of at the MG stage as the transacylase did (Fig. 81a), 
whereas in M82 samples, the complete ripening (dark red tomato fruit) 
affected the transacylase activity more than XET (Fig. 82). 
Thus, the results above provide a hint that the transacylase activity was 
highest at the stage when both cultivars were approaching the end of 
expansion, especially in the M82 fruit epidermis (Fig. 82a). This observation 
may be because the cutin-to-XGO transacylase activity is more required after 
cells have dramatically expanded than before. Essentially, once the 
expansion was ceased, the cutin-to-XGO transacylase activity started 
dropping down, suggesting that the cutin-to-XGO transacylase activity may 
be only required during expanding, and definitely not during ripening, 
consistent with our hypothesis (Fig. 81a and Fig. 82a).  
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Figure 81. Effects of tomato fruit (cv. Ailsa Craig) development on the putative 
cutin-to-[3H]XXXGol transacylase activity and the well-known XET activity in 
situ. The tomato fruit (cv. Ailsa Craig) epidermis samples (50 mg; acyl donor) with or 
without active endogenous enzymes were incubated with ~0.7 kBq exogenous 
[3H]XXXGol (acyl acceptor) under the standardised conditions. (a) The CMNaOH-
releasable radioactivity ratio (%) was used to illustrate the effects of development on 
the endogenous cutin-to-[3H]XXXGol transacylase activity. (b) 2 M TFA, instead of 
XEG, was used to hydrolyse XET product. The 2 M TFA-releasable radioactivity ratio 
(%) shows the effects of development on the endogenous XET activity. MG: mature 
green. BR: breaker (~10% colour change). TR: turner (~30% colour change). OR: 
orange. LR: light red. DR: dark red. Green lines: un-denatured. Red lines: denatured 
(control). Bars indicate range (n=2) in (a); range (n=2) in (b). 
A value of 1% releasable radioactivity/50 mg epidermis/supplied radioactivity 
corresponds to an absolute incorporation of 120 cpm/50 mg epidermis.  
 
Figure 82. Effects of tomato fruit (cv. M82) development on the putative cutin-to-
[3H]XXXGol transacylase activity and the well-known XET activity in situ. 
Experimental details were as in figure 72, except the tomato fruit (cv. M82) epidermis 
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samples were incubated with 0.42 kBq exogenous [3H]XXXGol (acyl acceptor) under 
the standardised conditions. (a) The CMNaOH-releasable radioactivity ratio (%). (b) 
The 2 M TFA-releasable radioactivity ratio (%). MG: mature green. BR: breaker (~10% 
colour change). DR: dark red. Green line: un-denatured. Red lines: denatured (control). 
Bars indicate range (n=2). 
A value of 1% releasable radioactivity/50 mg epidermis/supplied radioactivity 
corresponds to an absolute incorporation of 80 cpm/50 mg epidermis.  
 
4.6.2 Cutin-to-XGO transacylase activity during ice plant leaf expansion  
Small (3–5 cm lamina length) and big (8–12 cm) ice plant leaf adaxial 
epidermis was also compared, and consistently showed that the big, but still 
growing leaf epidermis samples incorporated more [3H]XXXGol per 50 mg 
fresh epidermis within certain time than the samples from small leaf (e.g. 1.5-
fold at 12 h, P < 0.05; 2-fold at 24 h) (Fig. 83a). The incorporating rate 
slowed down from 12-h possibly because of the degraded transacylase 
(‘4.2.2’). The significant difference between the un-denatured epidermis 
samples and the denatured control indicated that it was an enzymic 
incorporation again (P < 0.01 or 0.05) (Fig. 83a). To have a comparison, XET 
activity was quantified by scintillation counting the CMNaOH-insoluble 
residues and it was also higher in the bigger leaf than in the smaller ones, but 
the difference between them (i.e. 1.2-fold at 12 h; 1.3-fold at 24 h) was 
slightly smaller than of transacylase activity, and not significant (P > 0.05) 
(Fig. 83b). These results suggested that the XET activity in ice plant leaf 
epidermis was less affected by expansion than the transacylase activity was.  
Thus, we can conclude that the results in Fig. 83a provided a hint of the 
newly discovered cutin-to-XGO transacylase’s response to development, 
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which is consistent with the results obtained from tomato fruits: higher cutin-
to-XGO transacylase activity in the more expanded organs’ epidermis (Fig. 
81 and 76).  
I did not test fully expanded ice plant leaf epidermis (lamina length: ~16 cm), 
due to material availability.  
 
Figure 83. Effects of ice plant leaf expansion on the putative cutin-to-[3H]XXXGol 
transacylase activity and the well-known XET activity in situ. Experimental details 
were as in figure 73, except that epidermis from different sizes of expanding ice plant 
leaf was compared by using 1.1 kBq exogenous [3H]XXXGol as the acyl acceptor. 
Green line: un-denatured. Red lines: denatured (control). Bars indicate standard errors 
(n=3). Small: 3-5 cm lamina length; big: 12 cm lamina length. UD: un-denatured. D: 
denatured.  
(a) The CMNaOH-releasable radioactivity (%) illustrates the effects of development 
on the endogenous cutin-to-XGO transacylase activity.  
(b) The CMNaOH-insoluble residue radioactivity ratio (%) shows the effects of 
development on the endogenous XET activity.  
A value of 0.1% CMNaOH-releasable or -insoluble radioactivity/50 mg 
epidermis/supplied radioactivity corresponds to an absolute incorporation of 20 




































































































































4.6.3 Cutin-to-XGO transacylase activity during pea epicotyl elongation 
As in Chapter 3, dark-grown pea epicotyls were harvested at different days 
after sowing (DAS), and the epidermis was assayed for cutin-to-XGO 
transacylase activity with [3H]XXXGol in situ. Epicotyl length increased ~4-
fold between 4 and 7 DAS (i.e. 16 cm vs. 4 cm), but only increased ~0.06-
fold between 7 and 10 DAS (i.e. 17 cm vs. 16 cm).  
Based on the results above, I expected the putative cutin-to-XGO 
transacylase activity to be higher at 7 and 10 DAS than the younger one, 
since pea epicotyl had been more elongated. However, there was no 
significant difference of the amount of CMNaOH-releasable 3H between the 
three age groups, only a slight decrease at 7 DAS (P > 0.05) (Fig. 84a). 
Similar results were observed in Chapter 3, and the reason was speculated 
to be that the pea epicotyl at these three ages were the beginning of rapidly 
elongating stage, resulting in no big contrast as had been observed in tomato 
fruit (Fig. 81 and 76) and ice plant leaf (Fig. 83).  
Different from the transacylase activity, the XET activity, revealed by TFA 
hydrolysis, was dramatically affected by age: it was decreased linearly by 
age increase (P < 0.05) (Fig. 84b). 
The different patterns observed by quantifying CMNaOH- and TFA-
releasable radioactivity, led us conclude that the newly discovered cutin-to-





Figure 84. Effects of pea epicotyl elongation on the putative cutin-to-[3H]XXXGol 
transacylase activity and the well-known XET activity in situ. Experimental details 
were as in figure 74, except epidermis from different lengths (4, 7 and 10 DAS) of the 
expanding pea epicotyl was compared by incubating with 0.74 kBq exogenous 
[3H]XXXGol as the acyl acceptor. (a) The CMNaOH-releasable radioactivity ratio (%). 
(b) The 2 M TFA-releasable radioactivity ratio (%). Green line: un-denatured. Red 
lines: denatured (control). Bars indicate standard errors (n=3).   
A value of 1% releasable radioactivity/50 mg epidermis/supplied radioactivity 
corresponds to an absolute incorporation of 140 cpm/50 mg epidermis.  
 
Overall, screening the amount of CMNaOH-releasable 3H formed in different 
plant organs at different developmental stages showed that the cutin-to-XGO 
transacylase activity tends to be higher at later stages of cell expansion, and 
allowed us to speculate on its physiological function, that it may reinforce 
epidermis mechanically for large, and expanding cells to prevent epidermis 
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4.7 Effects of environmental stresses on cutin-to-XGO transacylase 
activity 
4.7.1 Effects of light on the cutin-to-XGO transacylase activity 
As an apoplastic enzyme, the cutin-to-XGO transacylase activity is proposed 
to face environmental stresses directly. By testing the effects of stresses, we 
can obtain more information of the cutin-to-XGO transacylase’s physiological 
functions.  
Peas were routinely grown in the dark routinely to boost their growth rate as I 
stated above. However, land plants are usually exposed to light. To 
investigate if the laboratory growth conditions impose artefacts on the cutin-
to-XGO transacylase activity, epidermis from continuous dark- and light 
(resource: bulb)-grown pea epicotyls was separately assayed with 
[3H]XXXGol in situ.  
Even though the darkness produced ~4 times taller pea epicotyls than light 
(i.e. 4 cm vs 16 cm), the quantity of CMNaOH-releasable 3H incorporated 
(per 50 mg epidermis per 12 h) was only ~1.2 times higher in the ‘dark’ 
samples than in the ‘light’ one as an example, but the difference was 
significant (P < 0.05) (Fig. 85a). It also applies to the 24-h incubated samples 
(P < 0.01) (Fig. 85a).  
The effect of light exposure on incorporation of 3H into CMNaOH-insoluble 
material (putative XET products) was slightly higher than that on the 
CMNaOH-releasable 3H (putative transacylase products): the insoluble 3H in 
‘dark’ samples was 1.5-fold higher than in ‘light’ ones at 12 h (P > 0.05) (Fig. 
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85b). This correlation between growth rate and XET activity has been noted 
in numerous plant species and organs (Potter and Fry, 1994; Palmer and 
Davies, 1996).  
Due to the similar patterns of CMNaOH-releasable and -insoluble 3H (Fig. 
85), the results only suggested a trend that the newly discovered cutin 
transacylation reaction was mildly boosted by the default, dark growth 
condition. This phenomenon was observed by quantifying the final product 
(CMNaOH-releasable 3H), but whether it is caused by higher transacylase 
activity or more cutin available in faster growing plants than the slower one 
remains a question here, which could be answered preliminarily by ex-situ 
experiments (‘4.7.2 ’).  
Nevertheless, the CMNaOH-releasable radioactivity from un-denatured 
epidermis of light-grown pea epicotyls was 20–30 times higher than from the 
denatured control (Fig. 85a), clearly indicating that the cutin-to-XGO 
transacylase also exists in the light grown pea epicotyls. Thus, in summary, 
the default pea growing condition (darkness) may lead to a slight promotion 




Figure 85. Effects of light on the putative cutin-to-[3H]XXXGol transacylase 
activity and the well-known XET activity in situ. The epidermis samples (50 mg; 
acyl donor) with or without active endogenous enzymes was incubated with 0.79 kBq 
exogenous [3H]XXXGol (acyl acceptor) under the standardised conditions. Dark: 
grew in complete dark for 7 days at 25°C; light: grew in bulb-light (light intensity: ~2 
µmol/m2/s) for 7 days at 25°C. Green lines: un-denatured epidermis samples. Red lines: 
denatured epidermis samples (control). Bars indicate standard errors (n=3). No bars 
for the ‘denatured’ group (n=1). 
(a) The CMNaOH-releasable radioactivity ratio (%) illustrates the effects of light on 
the endogenous cutin-to-[3H]XXXGol transacylase activity.  
(b) The CMNaOH-insoluble residue radioactivity ratio (%) shows the effects of light 
on the endogenous XET activity.  
A value of 1% CMNaOH-releasable or -insoluble radioactivity/50 mg 
epidermis/supplied radioactivity corresponds to an absolute incorporation of 150 
cpm/50 mg epidermis.  
 
4.7.2 Effects of humidity on the cutin-to-XGO transacylase activity 
Another important environmental factor is humidity. Cell wall re-modelling 
enzymes, such as pectate lyase activity, has been reported to be enhanced 
by high humidity in banana fruit peel (Saengpook et al., 2007). However, as 
far as we were aware, cutin was suggested not playing an important role in 































































































































(Schönherr and Riederer, 1989; Isaacson et al., 2009). Here, I looked for the 
effects of humidity on the cutin re-modelling enzyme activity, cutin-to-XGO 
transacylase, instead of cutin.  
Testing the effects of humidity on cutin-to-XGO transacylase activity in situ 
A tray of pea seeds was germinated, and the seedlings were grown in natural 
Edinburgh humidity (40–45%), whereas the other tray was wrapped in a 
polythene bag to increase the internal humidity to 80–90%. Both were grown 
in continuous light (type of light: bulb; intensity: ~2 µmol/m2/s).  
Pea epidermis was incubated with [3H]XXXGol under the optimized 
conditions as above. CMNaOH released 1.1-fold less 3H from high-humidity 
samples than from the normal-humidity’ control (P > 0.05) (Fig. 86a), 
whereas TFA released 1.3-fold more 3H from the former than the latter (P > 
0.05) (Fig. 86b).  
These two opposite effects of high humidity on CMNaOH- and TFA-
releasable (putative XET product) 3H suggested that the cutin-to-XGO 
transacylase activity was not affected by high humidity in situ. To obtain more 
information, an ex-situ assay was carried out because the effects of humidity 
on the cutin-to-XGO transacylase activity may be masked by minor changes 








Figure 86. Effects of humidity on the putative cutin-to-[3H]XXXGol 
transacylase activity and the well-known XET activity in situ. The epidermis 
samples (50 mg; acyl donor) with active endogenous enzymes were incubated with 
0.53 kBq exogenous [3H]XXXGol (acyl acceptor) under the standardised conditions. 
(a) The CMNaOH-releasable radioactivity ratio (%) illustrates the effects of 
humidity on the endogenous cutin-to-[3H]XXXGol transacylase activity. (b) The 2 M 
TFA-releasable radioactivity ratio (%) shows the effects of humidity on the extracted 
XET activity. Bars indicate standard errors (n=3).    
A value of 1% releasable radioactivity/50 mg epidermis/supplied radioactivity 
corresponds to an absolute incorporation of 100 cpm/50 mg epidermis.  
 
Test the effects of humidity on cutin-to-XGO transacylase activity ex situ 
Denatured epidermis, and endogenous enzymes extracted from un-
denatured epidermis, were obtained from three groups: light-grown pea 
epicotyls in 90–95% humidity, light-grown pea epicotyls in 40–45% humidity 
and standard dark-grown pea epicotyls in 80% humidity (the standard 
humidity in the default dark condition). All combinations of prepared 
epidermis and enzyme extract samples were tested for the effects of humidity 
on the cutin-to-XGO transacylase activity and cutin separately. Consistently, 




























































































































only a slight trend of high humidity decreasing the extracted transacylase 
activity and cutin (Fig. 87a) was noted, because all the three epidermis 
species incorporated less 3H under the catalysis of the enzyme extract from 
high-humidity samples than from the ‘normal’ one, and the prepared 
epidermis from high-humidity samples incorporated less CMNaOH-
releasable 3H than the ‘normal-humidity’ control under the catalysis of the 
same enzyme extract. I did not have replicates in this experiment due to 
material availability, but it still provided an indication that humidity does not 
impose dramatic effects on the cutin-to-XGO transacylase activity or the 
cutin.   
Interestingly, I also observed that CMNaOH released ~2-fold higher 3H from 
dark-grown pea epicotyl epidermis than from the light-grown ones, 
independent of the humidity (Fig. 87a). However, the cutin availability may be 
even slightly lower than the light-grown samples (Fig. 87a). This result may 
contribute to explain the significant, but small difference of the CMNaOH-
releasable 3H between the two groups with different light exposure (Fig. 85a): 
more cutin-to-XGO transacylase product in the dark-grown samples was 
because of higher transacylase activity during the faster growth, but the 
possible reduced cutin availability may have countered the increased 
transacylase activity.  
The XET activity was also slightly decreased by high humidity, but the 
xyloglucan availability was not decreased by high humidity (Fig. 87b) as cutin 
was (Fig. 87a). Consistently, dark-grown pea epicotyl provided higher XET 
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activity because of the faster growth rate than the light-grown samples (e.g. 
Potter and Fry, 1994) (Fig. 87b).  
 
Figure 87. Effects of humidity on the putative cutin-to-[3H]XXXGol transacylase 
activity and the well-known XET activity ex situ. Experimental details were as in 
figure 70, except that the enzyme extract and prepared epidermis without active 
enzyme were from pea epicotyl, which were incubated together with 0.32 kBq 
exogenous [3H]XXXGol (acyl acceptor) under the standardised conditions. (a) The 
CMNaOH-releasable radioactivity ratio (%). (b) The 2 M TFA-releasable radioactivity 
ratio (%). No standard errors (n=1).  
A value of 1% releasable radioactivity/10 mg epidermis/supplied radioactivity 
corresponds to an absolute incorporation of 60 cpm/10 mg epidermis.  
 
Combining the in- and ex-situ results together, we can conclude that reducing 
effect of high humidity on the newly discovered cutin-to-XGO transacylase 
activity was very slight. Thus, cutin and its metabolism reactions may not be 
essential during humidity change, consistent with literatures (e.g. Schönherr 
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4.7.3 Effects of pre-growth temperature on the cutin-to-XGO transacylase 
activity 
Dramatic change of temperature is another common stress that plants 
usually face to; and cell wall is response to it. For instance, pectin in pea 
stipules was reported to be more methyl esterified under colder temperature 
than under warmer one (Baldwin et al., 2014). There was no study about how 
cutin re-modelling mechanisms respond to temperature, only literatures 
about the cutin load. For example, the cutin load increased in respond to low 
temperature in tree tobacco (Nicotiana glauca) leaf (Skoss, 1955), and it 
decreased in response to high temperature in field pea (P. sativum L.) leaf 
(Liu et al., 2019).  
To investigate how cold affect the newly discovered cutin-to-XGO 
transacylase activity, I assayed epidermis of pea epicotyls, which were grown 
in continuous dark for different days at 4°C as in Chapter 3, but with 
[3H]XXXGol as the acyl acceptor. The CMNaOH hydrolysis showed that the 
transacylase activity was mildly increased in the first 4 days at 4°C (P (0-day vs. 
4-day) < 0.05), and then slightly decreased at 8 day (P > 0.05) (Fig. 88a).  
The XET activity was also mildly increased in the first 4 days (1.2-fold) (P > 
0.05), and then in-significantly decreased at 8 day (P > 0.05) (Fig. 88b).  
Since the patterns of CMNaOH- and TFA-releasable 3H were very similar, 
and for the awareness that XET activity may interfere the novel cutin 
transacylase results, we can only suggest that the cutin–[3H]XXXGol link may 
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be required during a short-period of cold shock, but it is not important for a 
long-term low temperature (e.g. winter).  
  
Figure 88. Effects of pre-growth temperature on the putative cutin-to-
[3H]XXXGol transacylase activity and the well-known XET activity in situ. 
Epidermis samples (50 mg; acyl donor) with or without active enzymes were isolated 
from pea epicotyls exposed to 4°C for different days. They were incubated with 0.85 
kBq exogenous [3H]XXXGol (acyl acceptor) under the standardised conditions. (a) 
The CMNaOH-releasable radioactivity ratio (%) illustrates the effects of temperature 
on the endogenous cutin-to-[3H]XXXGol transacylase activity. (b) The 2 M TFA-
releasable radioactivity ratio (%) shows the effects of temperature on the endogenous 
XET activity. Green lines: un-denatured epidermis samples. Red lines: denatured 
epidermis samples (control). Bars indicate standard errors (n=3). 
A value of 1% releasable radioactivity/50 mg epidermis/supplied radioactivity 
corresponds to an absolute incorporation of 160 cpm/50 mg epidermis.  
 
Taken together, the environmental stress studies enabled us to obtain more 
hints about the newly discovered putative cutin-to-XGO transacylase’s 
physiological function(s), which will be discussed later in this chapter.  
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4.8. The discovery of novel cutin-to-XGO transacylase activity 
Based on the reported observations (e.g. Jeffree 2006; Tian et al., 2008), a 
model of cutin–cell wall polysaccharide bonding had been proposed, but its 
mechanism was unknown (Chapter 1, Fig. 5). The discovery of CD1 enabled 
us to hypothesise that besides being loosened (Chapter 3), cutin can also be 
mechanically reinforced during cell expansion via transfer of a transiently-cut 
cutin chain (acyl donor) to a nearby cell wall polysaccharide molecule (acyl 
acceptor) by a GDSL transacylase.  
One of the most abundant dicot xyloglucan oligomers, XXXG is also found in 
pea epicotyl epidermis (reviewed by Hayashi 1989), which was the specimen 
I used to find the proposed transacylase activity. XXXG was radio-labelled: 
the reducing end was reduced by sodium borohydride (NaB3H4) to a non-
reducing product ([3H]XXXGol), to mimic most of the XXXG motifs in a 
xyloglucan molecule, whose reducing ends are usually not available (i.e. 
involved in glycosidic bonds). The same principle was applied to all other 
mono- and oligosaccharides which were used in this thesis.  
The putative cutin-to-XGO transacylase activity was reproducibly observed in 
different organs of different land plants in and ex situ (~1–3.5%, usually 
~2.5% of the supplied radioactivity became ester-bonded — i.e. releasable 
by the hydrophobic alkali mixture, CMNaOH) (e.g. Fig. 46, 44, 75 and 76), 
and therefore a further product identification was carried out.  
221 
 
As in Chapter 3, enzymic and chemical extraction, as well as degradation 
strategies, were applied to pea epicotyl epidermis samples. However, 
differently from the cutin-to-[3H]HHA in-situ experiment results, toluene and 
the chloroform mixtures only extracted negligible amounts of radioactivity 
(Fig. 74a), which was expected because un-bonded [3H]XXXGol is 
hydrophilic. Furthermore, the very low neutral hydrophobic-extractable [3H] 
also indicated that no wax oligo-ester–[3H]XXXGol conjugate formed, which 
could have been otherwise dissolved in e.g. toluene. The chemical analysis 
of MFW (5/1/5, v/v/v)-soluble radioactivity demonstrated that the majority of 
exogenous [3H]XXXGol was degraded to [3H]XXGol and [3H]XGol by 
glycosidases within 3 h (Fig. 62b, 67 and 71a).  
The lipase and cutinase did not hydrolyse the ester bonds of proposed cutin–
[3H]XXXGol conjugate as also being reported in Chapter 3. Therefore, the 
basic hydrophobic extractant, CMNaOH (~0.5 M NaOH) was employed as in 
all other experiments to release the putatively ester-bonded radioactivity. 
Size-exclusion chromatography and paper chromatography of the CMNaOH-
releasable products of the 3-h incubated epidermis samples showed that the 
majority of the putative transacylase product behaved as [3H]XGol and 
[3H]XXGol (Fig. 75 and 70), suggesting that ester-bonded [3H]XXXGol is 
degraded by the same glycosidases as free [3H]XXXGol. [3H]XGol and 
[3H]XXGol showed their very low acyl acceptor abilities, especially the former 
one (Fig. 60), and therefore the observed CMNaOH-releasable [3H]XGol can 
only be produced by hydrolysis of [3H]XXXGol. This observation is very 
surprising because we hypothesized that the addition of cutin dramatically 
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changes the structure of [3H]XXXGol, making it not a substrate of 
glycosidases anymore.  
This glyosidic hydrolysis of the ester-bonded [3H]XXXGol was reproducibly 
observed in the independent experiment, whose incubation time was only 80-
min but [3H]XXGol was found in both CMNaOH and MFW (Fig. 77a and c). 
Based on the reported β-D-glucosidase activity (e.g. Hrmova et al., 1996), 
this putative hydrolysis of cutin–[3H]XXXGol conjugate may point out that 
cutin is not linked to the first X (from left) unit, the non-reducing terminus, but 
other units.   
[3H]XXXGol, [3H]XXGol and [3H]XGol cannot be released from the XET 
products (xyloglucan→[3H]XGOs, where → represents a glycosidic bond) 
because first, glycosidic bonds are stable in alkali (reviewed by Glaus and 
Van Loon, 2008), and second, numerous studies have reported that the 
glycosidases in different plants are not efficient in hydrolysing molecules that 
are much longer than [3H]XXXGol (Koyama et al., 1983; O'Neill et al., 1989; 
Fanutti et al., 1991; Hrmova et al., 1996; Crombie et al., 2002), while the XET 
product here is xyloglucan–[3H]XXXGol and xyloglucan–[3H]XXGol (Fry et al., 
2008). Furthermore, even though [3H]XGol and [3H]XXGol were produced 
from both xyloglucan-incorporated and free [3H]XXXGol by glycosidases, the 
MFW wash should have removed them before CMNaOH hydrolysis. Thus, 
the compounds with molecular weight ≤ [3H]XXXGol detected in the 18–20 
fractions (Fig. 75) and 17–19 (Fig. 77b) are very likely to be transacylase 
products, which were not extracted by neutral solvents but in alkali (Fig. 73a).  
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The ratio of [3H]XXXGol/[3H]XXGol/[3H]XGol was different between the un-
incorporated (Fig. 73) and the putatively ester-bonded fractions (Fig. 76), 
maybe because the linkage between cutin and [3H]XXXGol (more 
discussions in ‘4.9’) promoted the α-D-xylosidase activity. It was suggested 
not to be a coincidence because another independent experiment (80-min 
incubation) also showed a higher [3H]XXGol/[3H]XXXGol ratio in the putative 
product than in the substrate mixture (Fig, 71c).  
The relatively low transacylase activity compare with XET activity (e.g. Fig. 
74) might have been predicted. Unlike the known XyG–XGO homo-
transglycosylation products (Fry et al., 1992), the cutin and xyloglucan are 
from two separate layers in high land plants, and thus naturally have less 
chance to interact with each other than two components from the same 
epidermis compartment.  
In summary, this work was the first to provide biochemical evidence showing 
that cutin’s acyl groups can be linked to xyloglucan’s (XGO’s) hydroxy 
groups, fitting with model 1 (Chapter 1, Fig. 5a). It had been proposed that 
xyloglucan tethers cellulose microfibrils via H bonds to strengthen cell wall 
(Fry, 1989; reviewed by Cosgrove, 2005); in this project we discovered that 
xyloglucan may also strengthen cutin, but via ester bonds.  
4.9 Other cutin-to-carbohydrate transacylase activities 
By screening the acyl acceptor abilities of progressively smaller XGOs, we 
found that only [3H]XXXGol and [3H]XXGol can be the acyl acceptor of the 
novel cutin transacylase, with the latter exhibiting only 1/10 the ability of the 
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former (Fig. 60), suggesting a substrate specificity based on the substrates’ 
molecular weight.  
Like XXXG, XXFG is another abundant xyloglucan building block in dicot 
plants, also found in pea epicotyl epidermis (reviewed by Hayashi, 1989), 
and with a fucose and a galactose added to the X next to the G, turning it into 
an F (Fig. 65) (Fry et al., 1993).  [3H]XXFGol was used as with [3H]XXXGol in 
situ. Surprisingly, even though their structures are very similar, the CMNaOH-
releasable 3H ratio of [3H]XXFGol was only ~0.3% of the supplied substrate 
(Fig. 62) [cf. ~2.5% in the case of [3H]XXXGol], indicating that it has little acyl 
acceptor ability in cutin transacylase reactions.  
The addition of two monosaccharide residues onto X almost prevented 
transacylation. This is possibly because the linkage point accessed by cutin 
is one of the free hydroxy groups (C-3 or C-4) of the third xylose residue in 
XXXGol, the additional groups impose steric hindrance to prevent the 
approach of the transacylase. The free hydroxy group at C-2 is less likely 
compared with the two above because it is completely hindered in XXFGol, 
and therefore may would have resulted in complete no incorporation, instead 
of ~0.3% (Fig. 62). I propose that cutin is more likely to ester bond with the 
hydroxy group at C-4 of the α-D-xylose, because it is stereo-structurally close 
to the additional monosaccharides at C-2 (Fry et al., 1993; Xue and Fry, 
2012) (Fig. 89). Furthermore, as stated above, even though it has not yet 
been reported, this cutin ester bond could conceivably promote the α-D-
xylosidase or β-D-glucosidase activities by unidentified mechanisms, 
resulting in the majority transacylase product being cutin–[3H]XGol (Fig. 90). 
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This hypothesis was not tested in this project but could be studied in future 















Figure 89. A simplified diagram of XXFG’s stereo-structure. As in figure 65, the 
first unit (from left), X, is composed of α-D-xylopyranosyl-(1→6)‐β-D-glucose. The 
third X is converted into F with the addition of a D-galactose (β-1→2) and an L-fucose 
(α -1→2). The two free hydroxy groups on the xylose in the F unit are circled out: the 
hydroxy group at C-4 (red circle) is closer to the D-galactose than the one at C-3 
(yellow circle), which points to the opposite direction of D-galactose and L-fucose 






















                             
Figure 90. A simplified diagram of the cutin–[3H]XGO conjugate structure. 
Details of [3H]XXXGol and [3H]XXFGol are as in figure 42 and 61. (a). Cutin 
(black wiggle line) is proposed to ester bond with three free hydroxy groups at C-2, 
C-3 and C-4 (numbered in red) of the xylose next to the Gol unit in [3H]XXXGol. 
The α-D-xylosidase (in yellow) and β-D-glucosidase (in grey) release xylosyl and 
glucosyl residues from the non-reducing terminus respectively, eventually producing 
cutin–[3H]XGol from the original cutin–[3H]XXXGol conjugates. (b). The addition 
of D-galactose and L-fucose in [3H]XXFGol at C-2 (in red) is predicted to impose 
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steric hindrance on the hydroxy groups at C-3 and C-4 (in red) as well, resulting in 
no linkage with cutin (black wiggle line).  
 
Some polysaccharides contain acyl groups, such as homogalacturonan, 
which has –COOH at C-6, and sometimes being methyl esterified to –
COOCH3. The latter with an activated acyl group can potentially be an acyl 
donor, but they both can be acyl acceptors. However, neither of the 
oligogalacturonides was incorporated into pea epicotyl or tomato fruit 
epidermis (Fig. 55–53), these consistent results clearly indicated that the 
newly discovered transacylase only uses certain oligosaccharides as the acyl 
acceptor. The methyl esterified oligogalacturonan also cannot be the acyl 
donor, under the catalysis of neither the transacylase we proposed nor pectin 
methylesterases (PMEs) (reviewed by Brummell and Harpster, 2001), which 
can potentially act as a transacylase (i.e. transferring the acyl group of methyl 
esterified [3H]GalA8-ol to cutin hydroxyl groups). Thus, we can conclude that 
model 2 (Chapter 1, Fig. 5b), which proposed that a polysaccharide’s acyl 
group is linked to a hydroxy group of cutin is invalidated, at least under our 
experimental conditions.  
Besides the pectic backbone, an oligomer related to a side chain in the RG-I 
domain, arabinan, was also assayed in situ. The arabinan length in nature 
varies depends upon species (e.g. tetrasaccharide in Arabidopsis leaf, but 
longer than pentasaccharide in sugar beet cell wall) (reviewed by Willats et 
al., 1998; Harholt et al., 2010). The arabinan length in pea epicotyl RG-I is 
not reported as we were aware, so the octasaccharide, [3H]Ara8-ol was used 
due to availability. Only a very small portion (~0.12%) of supplied 
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radioactivity was incorporated into a product releasable by CMNaOH in both 
ice plant and pea epidermis samples (Fig. 48 and 46), suggesting that Ara8-ol 
has a very low acceptor ability. However, comparing with the zero 
incorporation of oligogalacturonides, the slight formation of ester-bonded RG-
I side chain oligomer may suggest that if cutin does become ester-linked to 
pectin, it is probably only to the side chains.  
The secondary cell wall component oligomers, [3H]Man3-ol and [3H]Xyl5-ol 
were not incorporated into pea epicotyl epidermis in situ (Fig. 63 and 64), 
suggesting that cutin can ester-link only to primary cell wall components.  
In summary, these results show that cutin is only ester-linked to specific 
xyloglucan domains at a specific hydroxy group to form hetero-conjugates, 
the other tested oligosaccharide and the monosaccharide, glucose, have little 
or no acceptor ability.  
4.10 Preliminary knowledge of the protein responsible for cutin-to-XGO 
transacylase activity 
The in-situ and in-vitro assays (Fig. 78–74) together strongly indicated that 
cutin synthase (CD1; Yeats et al., 2012) is not the transacylase we observed 
in- and ex-situ (e.g. Fig. 62a, 65 and 66), because the CMNaOH-releasable 
3H was not reduced in cd1-knockout tomato fruit epidermis significantly, and 
the purified His6-tagged CD1 did not catalyse the ester bond formation of 
XXXGol with tomato fruit epidermis or the acyl group in p-NPP. Moreover, the 
developmental stages with the highest transacylase activity in tomato fruit 
(cv. M82 and Ailsa Craig) were later than the stage with the highest quantity 
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of CD1 (cv. M82) (Yeats et al., 2012) (i.e. 21–30 DAA for the transacylase vs. 
15 DAA for CD1) (Fig. 81 and 76).  
Comparing with the cutin-to-HHA transacylase, whose highest activity co-
occurred with the highest amount of CD1 (Fig. 34, Chapter 3), suggesting 
that (a) the cutin-to-XGO transacylase is a different enzyme from the cutin-to-
HHA transacylase, and (b) the cutin-to-XGO transacylase is less related to 
CD1 than the cutin-to-HHA transacylase is because of its lagged peak time 
during development.  
A pre-incubation cold-buffer wash tended to decrease the cutin-to-XGO 
transacylase activity (Fig. 52 and 50), which was not expected because the 
transacylase was predicted to be stably embedded within the epidermis 
based on its substrates (cutin and xyloglucan). This result may indicate the 
in-muro localisation of the cutin-to-XGO transacylase: it is within the 
hydrophilic, polysaccharide-rich cell wall (thus aqueous extractants can 
penetrate easily and solubilise the enzyme), unlike the cutin-to-HHA 
transacylase, which may be associated with the more hydrophobic cutin-rich 
layers (Fig. 11 and 12, Chapter 3).  
Ex-situ assays results showed that the reducing agent DTT and the metal 
chelator EDTA slightly increased the cutin-to-XGO transacylase activity 
and/or extraction (Fig. 71 and 66), suggesting that (a) this transacylase does 
not require a metal-ion co-factor, and (b) its 3-D structure may allow 
undesired disulphide bond formation, which changed the conformation and 
resulted in decreasing activity. The potential XET activity interferences did 
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not invalidate this conclusion because XET activity from pea epicotyl has 
been reported to be decreased by EDTA (Fry et al., 1992).  
An Arabidopsis rosette cell wall proteome study demonstrated that the 
addition of CDTA, which is also a metal chelator sometimes used in parallel 
with EDTA (Carver et al., 1984; Sousa and Silva, 2005), helps in solubilising 
cell wall proteins involved in defence (Boudart et al., 2005). This report might 
suggest that some structural traits (e.g. spatial distribution of charged amino 
acids) are shared between the cutin-to-XGO transacylase and known 
defence proteins.  
In summary, even though the cutin-to-XGO transacylase was not identified in 
this project, the results above provide useful hints for future identification.  
4.11 Speculation as to cutin-to-XGO transacylase’s physiological 
function  
In both ice plant and pea epidermis samples, the highest cutin-to-XGO 
transacylase activity occurred at pH 6.5 and 7.5 (Fig. 46 and 44), which were 
slightly out of the physiological apoplastic pH range for expanding cells, 
suggesting that this reaction may be only required after cell expansion 
ceased. This observation may not be obtained from the XET interferences, 
because the optimum pH for XET activity in pea epicotyl has been reported 
to be pH 5.5 (Fry et al., 1992).  
Physiological functions of the cutin-to-XGO transacylase can be predicted by 
comparing its activity characters with a known enzyme. For instance, TCH4 
(AtXTH), an XET-active XTH of Arabidopsis, has highest activity at pH values 
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(6.0–6.5; Purugganan et al., 1997) slightly out of the physiological range 
(reviewed by Cosgrove, 2005); and it is expected to increase cell wall 
strength (Purugganan et al., 1997), providing a hint of that the newly 
discovered transacylase also reinforces epidermis.  
The preference for a slightly basic pH was consistent with the results of 
screening developmental stages, because more [3H]XXXGol became ester 
bonded in the epidermis of the organs at late expanding stages (tomato fruit 
and ice plant leaf) (Fig. 81–77). However, different from the earlier 
speculation, this novel transacylase activity was shown to be decreased after 
the cessation of tomato fruit’s expansion (Fig. 81 and 76), which is consistent 
with our hypothesis that cutin-to-XGO transacylase activity is required during 
growth. Taken together, these results suggested that the transacylation 
reaction is actually required during cell expansion, but not from the beginning 
when cells were too small to need epidermal mechanical reinforcement.  
The effects of environmental factors on the transacylase activity can also be 
used to speculate on its physiological functions. For example, light exposure 
was found to diminish the novel transacylase activity because when the 
growth rate of pea epicotyl was 4 times slower, the transacylase activity was 
reduced to half in the ex-situ assay (Fig. 87), and ~23% lower in the in-situ 
assay (Fig.79). This observation supported our hypothesis that the cutin-to-
XGO transacylase is required during cell expansion and suggested a positive 
correlation between cell expansion rate and the novel transacylase activity. A 
possible explanation of the correlation is that rapidly expanding epidermal 
cells require more epidermal reinforcement.  
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The effects of humidity were tested in- and ex-situ, but high humidity only 
reduced the cutin availability and the cutin-to-XGO transacylase activity 
slightly (Fig. 86 and 81), suggesting that the transacylase does not play a 
role in e.g. controlling water permeation. If it does, then it might be via 
tightening cell wall pore sizes.   
The effects of cold temperature were tested in situ. The significant increase 
of the novel transacylase activity in the first 4 days at 4°C followed by a 
decrease (Fig. 88) is interesting because it hinted that the cutin-to-
[3H]XXXGol transacylation reaction may be involved in resisting a short 
period of cold. Again, the XET activity of TCH4, which putatively strengthens 
the cell wall as mentioned above, is also higher at 12–18°C than at warmer 
temperatures (Purugganan et al., 1997), providing another piece of possible 
evidence as to the transacylase’s physiological function. A possible 
explanation of the increase of cutin-to-XGO transacylase activity at the 
beginning of the cold stress is similar to the last paragraph: the cutin–
[3H]XXXGol link changed the cell wall porosity size to reduce the risk of ice 
formation in the apoplast (Beck et al., 2007).  
Taken together, the data may suggest that the cutin-to-XGO transacylase is 
involved in mechanically strengthening cuticle; other physiological functions 
(e.g. cell wall pore size regulation) are more speculative and would require 






In this project, I reproducibly observed the novel cutin-to-[3H]XXXGol (thus 
potentially cutin-to-xyloglucan) hetero-transacylase activity in different organs 
of different plants and demonstrated the activity by identifying the low-
abundance transacylase product via chemical degradation coupled with 
chromatographic strategies. By comparing various cell wall oligosaccharides, 
I solved the long-standing question by proving that the only acyl donor for the 
cutin–polysaccharide conjugate is cutin (model 1), instead of methyl 
esterified homogalacturonan (model 2). Based on the results so far, I 
propose that cutin is ester bonded with a hydroxy group of the xylose of the X 
unit next to Gol, because the linkage with cutin was prevented when the 
xylose is hindered (XXFGol). The precise linking site is predicted to be the 
free hydroxy group at C-4 of the xylose in XXXGol, because it can be largely 
affected by the additional residues in XXFGol (stereo-structurally close), but 
not completely shielded as the C-2. CD1 as the only well-studied GDSL 
enzyme was tested and did not catalyse the cutin-to-[3H]XXXGol 
transacylation reaction; therefore, we cannot conclude whether the protein 
responsible for the novel transacylase activity belongs to the GDSL family. 
The pH optimum and the effects of DTT and EDTA on the transacylase’s 
activity provided hints for its future identification. The new transacylase’s 
physiological functions are proposed to be mechanical reinforcing the 
epidermis based on changes in its activity during development. More 
potential functions (e.g. regulating cell wall pore size during a short cold 




The chemical degradation, alkali-hydrolysis (CMNaOH) strategy, which was 
employed to elucidate the XGO-incorporation mechanism should be replaced 
by a functional cutinase, hydrolysing cutin specifically to avoid 
contaminations from XET products. Unfortunately, to detect isotopes, special 
types of mass spectrometry (MS) are required (e.g. isotope-ratio mass 
spectrometry which used to determine the relative abundance of isotopes in 
given samples) and the technology must be highly sensitive to detect a small 
amount of product. Thus, radiochemistry is the best technology to pioneer 
this study so far.  
The newly discovered hetero-transacylase product, cutin–XXXG/XXG/XG is 
valuable to be characterised via e.g. partial hydrolysis coupled with mass 
spectrum, to explore the precise linking position and how the linkage 
promotes glycosidase activities.  
The hetero-transacylase will be identified by starting from recombinant 
expressing and assaying CD1 homologues (e.g. Solyc04g050570.2.1, coding 
a polypeptide with 74% similarity to CD1). Other methods such as screening 
genes with enhanced expression (transcriptomic study) at the tomato fruit 
developmental stage with the highest cutin-to-[3H]XXXGol transacylase 
activity should be considered. Or more directly, proteomic studies (i.e. using 
active site probes which can specifically bind to the serine residue covalently 
and contain e.g. biotin groups for pulling-down by binding to streptavidin 
resins non-covalently) is another option. In addition, the hetero-transacylase 
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will be heterologously produced and purified, and its substrate specificity 
(e.g. polymeric xyloglucan and newly synthesized xyloglucan oligomer will be 
compared), kinetics and other characteristics will be studied in vitro by 
adapting the optimised assaying methods.  
The hetero-transacylase’s physiological functions will be investigated in 
planta by generating mutated plants (e.g. tomato fruit) followed by e.g. 
mechanical tests and microscopic studies. It is hypothesized that the plants 
lack of the hetero-transacylase will show a different cutin-to-cell wall interface 































Chapter 5. Cutin-to-glycerol transacylation 
Introduction 
Glycerol, as a natural component in cutin, is proposed to be important for 
plant growth due to the following reasons. First, as a by-product from the 
cutin synthesis reaction (Chapter 1, Eq. 1), additional glycerol can 
theoretically reverse the polymerisation process, and therefore loosen the 
existing cutin matrix to allow faster plant growth (hypothesis: cutin restrains 
cell expansion). Second, Yang et al. (2016) found that glycerol quantity 
increased with dicarboxylic acid in cutin, suggesting that glycerol may be 
required for cross-linking cutin molecules. Graça et al. (2002) also proposed 
that glycerol might act as a scaffold for cuticle fatty acids to form ester bonds 
with its three hydroxy groups, and H-bonds between adjacent hydroxyl-fatty 
acids, which may contain free hydroxy groups can strengthen cutin. In this 
project, we focused on the effect of exogenous glycerol on cutin metabolism 
(based on Eq. 1), which had not been reported yet as far as we were aware.  
We hypothesized that glycerol can act as an acyl acceptor because of it 
contains hydroxy groups, under catalysis of (1) a novel cutin-to-glycerol 
transacylase, (2) the cutin-to-HHA transacylase we observed in Chapter 3, 
with the assumption that this enzyme is not strict with the acceptor species, 
or (3) CD1 (Eq. 1) (Yeats et al., 2012), or all of them (1) to (3).  
Five experimental strategies (Table 10) were employed to investigate the 
hypotheses above: cutin-to-[U-14C]glycerol transacylation (in situ); the effects 
of exogenous glycerol on [3H]HHA incorporation (in situ); exogenous glycerol 
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was supplied to observe its predicted effect on cutin degradation (in situ), and 
glycerol’s acceptor ability under the catalysis of CD1 was also assayed in 
vitro. Any exogenous glycerol effects on cutin were also observed from a 
physiological aspect: seed germination and seedling elongation were 
















Overview of the 5 experimental strategies 
The 5 strategies used to test exogenous glycerol effects on cutin are listed in 
Table 10.  
Table 10. Summary of 
the 5 strategies: 
testing exogenous 
glycerol effects on 
cutin. 
 
*Green circles: cutin fatty 
acid residues; black lines: 
ester bonds; blue circles 
with or without radio-
labels: [U-14C]glycerol or 
glycerol; pale red circles 
with radio-labels: 
[3H]HHA; yellow circles: 
p-nitrophenyl or p-
nitrophenol; purple 














5.1 Testing a novel cutin-to-glycerol transacylase activity in situ    
Based on Eq.1 (Chapter 1) we hypothesized that cutin can also be 
transacylated onto glycerol molecules, under catalysis of an unspecified 
GDSL transacylase (Fig. 91). The assay conditions were the same as for 
cutin-to-[3H]HHA (Chapter 3), and the transacylase product, cutin-[U-
14C]glycerol conjugate, was looked for by scintillation counting of the 
methanol-insoluble residues.   















Figure 91. Proposed cutin-to-glycerol transacylation reaction. An intact cutin 
polymer (green circles: cutin fatty acid residues; black lines: ester bonds) is proposed 
to be attacked by an unspecified GDSL transacylase (pale purple oval), followed by 
formation of a cutin-transacylase intermediate via cross-linking a carboxy group of 
cutin to the hydroxy group of serine (Ser) in the catalytic triad. The carboxy group of 
cutin (acyl donor) is then transferred to hydroxy groups of [U-14C]glycerol (acyl 
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acceptor, blue circles with radiolabels). The final products are a cutin-[U-14C]glycerol 
conjugate, and the released cutin fragment.  
 
After 24 h incubation of ice plant-leaf adaxial epidermis with [U-14C]glycerol, 
the incorporation by frozen/thawed/pre-incubation washed and un-denatured 
epidermis was negligible (Fig. 92a).  
To reduce any potential physical barrier for the endogenous enzyme to 
access exogenous glycerol, Triton X-100, which partially destroys cell 
membranes to render the cuticle enzymes more accessible to exogenous 
substrate, was added to incubation buffer in a repeat experiment. 
Nevertheless, there was still no enzymic incorporation because no significant 
differences between un-denatured epidermis samples and the controls were 
observed (P > 0.05) (Fig. 92b). In presence of Triton X-100, the effect of a 
pre-incubation wash of the epidermis was also investigated as in Chapters 3 
and 4, but the un-washed epidermis also did not incorporate 3H enzymically 
(Fig. 92c), agreeing with the samples that had been pre-washed (Fig. 92b).  
In conclusion, these results indicate that the novel cutin-to-[U-14C]glycerol 



















Figure 92. Cutin-to-[U-14C]glycerol transacylation in situ. Blot-dried ice plant leaf 
epidermis (50 mg; acyl donor) with or without active endogenous enzymes was 
incubated with 2.1 kBq exogenous [U-14C]glycerol (acyl acceptor) under the 
standardised conditions (Chapter 3). The MFW (9/1/1)-insoluble residues were 
scintillation counted to look for the cutin–[U-14C]glycerol conjugates.  
(a) Cutin-to-[U-14C]glycerol reaction was incubated with buffer only;  
(b) 0.1% Triton X-100 (v/v) was added to both the pre-wash and incubation buffer;  
(c) un-prewashed epidermis was incubated with buffer containing 0.1% Triton X-100.  
The total incorporated radioactivity ratio (%) was used to illustrate the endogenous 
cutin-to-[U-14C]glycerol transacylase activity, it was calculated as follows: the 
detected radioactivity (cpm/50 mg epidermis) / supplied radioactivity (cpm) × 100%. 
Green line: um-denatured epidermis samples. Red line: denatured samples (control). 
Bars indicate standard errors in (a) (n=3); and range in (b) and (c) (n=2). 
A value of 0.01% incorporated radioactivity/50 mg epidermis/supplied radioactivity 




































































































































































5.2 Testing a new activity of the cutin-to-HHA transacylase in situ 
As a cutin component, glycerol may also be a competing substrate (acyl 
acceptor) of a cutin-to-cutin transacylase. Since we found such an enzyme 
activity by monitoring cutin-to-[3H]HHA transacylation reactions (Chapter 3), I 
incubated pea epicotyl epidermis with [3H]HHA together with non-radioactive 
glycerol solution up to 1 M, to test if the exogenous glycerol can compete 
with [3H]HHA incorporation.  
Un-denatured epidermis samples incorporated ~40 times more 3H from 
[3H]HHA than the control, indicating that it is an enzymic incorporation 
(observed repeatedly in Chapter 3) (Fig. 93). Thus, any decreased 
radioactivity incorporation in un-denatured epidermis samples may indicate 
that glycerol is also a substrate of the same transacylase. However, even 1 
M glycerol solution, which is probably much higher than the physiological 
concentration, did not have any impact on 3H incorporation (P > 0.05) (Fig. 
82). This result indicates that the observed cutin-to-[3H]HHA transacylase 
does not catalyse the proposed cutin-to-glycerol transacylation. Together 
with the in-situ results above (Fig. 92), we may conclude that glycerol is not a 
substrate of the cutin re-modelling transacylases, at least not detectable by 





















Figure 93. Exogenous glycerol effects on [3H]HHA transacylation in situ. Pea 
epicotyl epidermis (50 mg; acyl donor) with or without endogenous active enzymes 
was incubated with 0.14 kBq exogenous [3H]HHA (acyl acceptor) at pH 5.5 with or 
without non-radiolabelled glycerol (0–1000 mM) simultaneously at room temperature 
for 1 day. The CMNaOH-releasable radioactivity ratio (%) was used to illustrate the 
effects of exogenous glycerol on the endogenous cutin-to-[3H]HHA transacylase 
activity. Green line: um-denatured epidermis samples. Red line: denatured samples 
(control). Bars indicate standard errors for the ‘un-denatured’ group (n=3). No bars for 
the ‘denatured’ group (n=1).  
A value of 1% CMNaOH-releasable radioactivity/50 mg epidermis/supplied 




















































































5.3 Testing a novel activity of CD1 in vitro 
Based on the Eq. 1 (catalysed by CD1), its reverse reaction by using glycerol 
as the acyl acceptor might possibly degrade pre-formed cutin (acyl donor). 
Thus, based on the assumption that CD1 equivalent exists in pea epicotyl 
epidermis, I radio-labelled cutin by [3H]HHA under the optimized condition 
(Chapter 3), and then glycerol solution was added to putatively break cutin. 
Any broken down cutin fragments, such as [3H]HHA–glycerol, would be 
released into supernatant and can be detected by scintillation counting.  
Scintillation counting of aqueous solutions is highly sensitive; however, there 
was no significant difference (P > 0.05) between the amount of radioactivity 
released in 0 and 1 M glycerol solutions (Fig. 94a). The same procedure was 
repeated but with gently washing epidermis samples in the incubation buffer 
instead of water to keep the endogenous enzyme activity, but the result was 
consistent (Fig. 94b).  
 
Figure 94. Exogenous glycerol effects on previously incorporated [3H]HHA in situ. 
Pea epicotyl epidermis (50 mg; acyl donor) containing active endogenous enzymes 
was incubated with 0.42 kBq exogenous [3H]HHA (acyl acceptor) under the 
standardised conditions, followed a gentle wash in water (a) or a pH 5.5 buffer (b) to 















































































































remove un-incorporated [3H]HHA, but still keep the activity of endogenous enzymes 
(including the proposed transacylase), and then incubated in glycerol solutions (0–1 
M) to look for the release of 3H–glycerol conjugates. The releasable radioactivity ratio 
(%) was used to illustrate the proposed degradation effects of exogenous glycerol. Bars 
indicate range (n=2). 
A value of 1% releasable radioactivity/50 mg epidermis/supplied radioactivity 
corresponds to an absolute incorporation of 80 cpm/50 mg epidermis.  
 
The negative result might be because of the following possibilities: (1) the 
water or buffer wash of un-incorporated [3H]HHA was not enough, and 
therefore the small quantity of released cutin-incorporated [3H]HHA–
exogenous glycerol conjugates was masked; (2) CD1 equivalent did not 
catalyse the reverse reaction of cutin synthesis; (3) a CD1 equivalent does 
not exist in pea epicotyl epidermis. The first possibility was difficult to 
overcome because the aqueous wash was never completely efficient at 
removing [3H]HHA, whereas organic solvents (e.g. 80% methanol) harm 
endogenous enzymes. The third possibility was also difficult to test in this 
project. However, the possibility (2) can be partially answered by testing the 
purified CD1 activity on glycerol in vitro.  
Therefore, I incubated the purified His6-tagged CD1 with p-nitrophenyl 
palmitate (p-NPP, acyl donor) and glycerol (acyl acceptor) to look for the 
palmitoyl–glycerol product by measuring the release of p-nitrophenol 
spectrophotometrically (Fig. 95a).  
However, in the presence of CD1, the amount of released p-NP was not 
significantly increased with 11 mM glycerol addition (P > 0.05) (Fig. 95b), 
suggesting that CD1 did not catalyse this transacylation reaction (Fig. 95a).  
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Taken together, glycerol may not be the substrate of CD1, in turn indicating 

















Figure 95. Proposed glycerol transacylation mechanism and in-vitro assay. (a) 
CD1 transfers the acyl group, palmitate, from p-nitrophenyl palmitate (pNPP) to any 
hydroxy group of a glycerol molecule, resulting in a palmitoyl–glycerol ester bonded 
conjugate and a free p-nitrophenol (pNP) molecule, which can be detected by 
spectrophotometer (A405) at pH 7.15±0.02. (b) p-Nitrophenyl palmitate (final conc. = 
0.5 mM) was incubated with or without 11 mM (final conc.) glycerol, in the presence 
of His6-tagged CD1 (1 µg/100 µl 25 mM succinate-Na
+ buffer, pH 5.5) at 25°C for 3 
days. The released p-nitrophenol was detected at 405 nm (dilution factor = 1.5). pNPP 
only: 0.5 mM p-nitrophenyl palmitate, a control; CD1 only: a blank; pNP: 0.5 mM p-
nitrophenol, a standard if the pNPP was completely hydrolysed. Bars indicate standard 






























 Glycerol, +CD1  Glycerol  Water, +CD1  Water  CD1 only  pNPP only  pNP
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5.4 Testing how exogenous glycerol affect physiology in planta 
Some plant seeds (e.g. soybean, Arabidopsis thaliana and Brassica napus) 
have been reported to contain cutin in the seed coat (Molina et al., 2008; 
Ranathunge et al., 2010). Exogenous glycerol was supplied to seeds on the 
assumption that it might loosen cutin and thus allow faster germination and 
seedling elongation by the reverse reaction of cutin biosynthesis (Chapter 1, 
Eq. 1).  
Parsnips seeds were chosen because of their slow germination rate, allowing 
the effect of exogenous glycerol to be well monitored. However, there was no 
significant difference (P > 0.05) in germination ratio between seeds with or 
without glycerol (Fig. 96a). Even though 5 mM glycerol led to a slightly higher 
number of germinated seeds than 0 and 50 mM did from 10 days after 
sowing (DAS) in this experiment, it was not reproducible in other comparable 
ones (data not shown). As for the seedling lengths, there was also no 
significant difference (P > 0.05) among the samples with different glycerol 
concentrations (Fig. 96b). Similar results were also observed in comparable 
experiments with carrot seed (Fig. 96c).  
In summary, the un-affected germination and shoot elongation processes 
indicated that exogenous glycerol does not help in loosening either cutin in 

















Figure 96. Exogenous glycerol effects on seed germination and seedling 
elongation. Parsnip and carrot seeds were placed on papers soaked with 0, 5 mM or 
50 mM glycerol solution and grown in dark at 25°C. Parsnip: germination ratio was 
calculated as the No. of germinated seeds/No. of total seeds (a, n=3 Petri dishes); 
seedling (root and epicotyl) lengths were measured manually to ± 1 mm (b, 7-DAP: 
n>3 seedlings; 10-DAP: n>10). Carrot seed (c) was germinated under the same 
condition for 7 days, and the seedling length was measure as in (b) (n>10). Bars 
























































Days after sowing (DAS)


























Days after sowing (DAS)




We expected that glycerol can serve as the acyl acceptor as [3H]HHA and 
[3H]XXXGol did, under the catalysis of CD1 or other transacylases. However, 
there was no radio-labelled glycerol incorporated into epidermis comparable 
with [3H]HHA and [3H]XXXGol incorporation (Fig. 92), and even 1 M 
exogenous glycerol did not compete with [3H]HHA incorporation (Fig. 93), 
suggesting that glycerol was not the substrate of any novel transacylase, 
including the one catalysing the observed cutin-to-[3H]HHA transacylation in 
ice plant leaf and pea epicotyl epidermis (Chapter 3). It might be because 
glycerol is not a cutin transacylase substrate, at least not the preferable one 
naturally. For example, there might be only a few free glycerol molecules or 
incorporated glycerol residues in pea epicotyl cutin, so the cutin re-modelling 
transacylases do not transfer a broken cutin chain to glycerol-containing 
molecules efficiently due to environmental selections. Another possibility is 
that the quantity of glycerol residues in cutin is not the reason, but their 
available –OH groups may not be favourable for the cutin re-modelling 
transacylases: e.g. the sn-2 –OH groups is involved in ester bonds, 
exemplified by the cutin precursor, 2-MHG, and the free sn-1,3 –OH groups 
may be barely used as the acyl acceptor sites. There was no published data 
to be compared with, since this is the first study of exogenous glycerol effects 
on cutin.  
We also hypothesized that exogenous glycerol can reverse the cutin 
polymerisation reaction (Eq.1) in pea epicotyl epidermis catalysed by CD1 
equivalent enzyme, resulting in releasing cutin residues, which in turn 
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loosens cutin to allow faster germination and seedling growth. However, 
neither phenomenon was observed (Fig. 96). Comparable experiments have 
reported that 1 mM exogenous glycerol in growth media can be converted to 
glycerol-3-phosphate (G3P), which substitutes for glucose 6-phosphate as an 
energy source (Aubert et al., 1994), resulting in increase of Arabidopsis shoot 
length (Hu et al., 2014). Spraying ~40 mM glycerol solutions to carrot 
seedlings also increased shoot length (Tisserat and Stuff, 2011). The 
inconsistency between those and our own observations suggested that the 
effects of exogenous glycerol on plant growth requires more independent 
studies.  
However, from a molecular aspect, my results showed that glycerol was not 
involved in cutin loosening because there was no released cutin residues 
could be detected by the very sensitive technique, scintillation counting (Fig. 
94). Moreover, the purified CD1 did not catalyse p-NPP-to-glycerol 
transacylation (Fig. 95b). Thus, we preliminarily conclude that the cutin 
polymerisation reaction catalysed by CD1 cannot be reversed, because 
glycerol is not CD1’s substrate, and CD1 may can only use 2-MAGs as the 
donor, excluding the existing cutin. Yeats et al. (2012) have revealed that 
CD1 transcript and protein amount peak during the rapid growing stages of 
tomato fruit, so it is possible that the absence of a detectable cutin de-
polymerisation reaction is a self-protective strategy, to guarantee that cutin 






Glycerol cannot serve as the substrate of cutin re-modelling transacylases 
(putatively GDSL enzymes) or the cutin biosynthesis transacylase, CD1 (a 
GDSL enzyme), maybe because it is naturally a non-preferred substrate in 
the tested epidermis samples due to the availability and the free hydroxy 
group species, and/or because the cutin polymerisation reaction is naturally 
irreversible.  
Future perspectives 
A plant model with a glycerol-rich cutin matrix should be considered, and the 
real CD1 substrate, 2-MHG should be chemically synthesized or purified from 
plants, to test if its acyl group can be transferred from the 2-MHG to glycerol 




Chapter 6. Outlook and summary 
6.1 Frontier knowledge of plant cutin 
6.1.1 Reported characterisations of plant cutin 
Plant cutin is widely believed to be an acquired trait for plants to adapt to the 
terrestrial environment (reviewed by Edwards, 1993; Nawrath, 2006); one of 
the arguments is that no indication of cutin exists in the land plants’ closest 
living relatives, charophytic green algae, which live in water (Cook and 
Graham, 1998; reviewed by Wellman et al., 2003). Cutin is very widespread 
among land plants: it can be detected in the epidermis of bryophytes (e.g. in 
the phylloid of Physcomitrella patens and in the thallus of Marchantia 
paleacea) (Schönherr and Ziegler, 1975; Buda et al., 2013) up to 
angiosperms (e.g. tomato fruit and Arabidopsis shoot) (Franke et al., 2005; 
Girard et al., 2012). Cutin was originally believed to be restricted to the plant 
shoot (reviewed by Fich et al., 2016); however, it was reported very recently 
that it is also in Arabidopsis roots (Berhin et al., 2019).   
The main roles of cutin in land plants are proposed to be fairly diverse (‘cutin 
function’, Chapter 1). For instance, it defines organ boundaries (Sieber et 
al., 2000; Weng et al., 2010). Another important function is cutin’s role, 
together with wax, in preventing water loss (Schreiber et al., 2005; Isaacson 
et al., 2009). The most interesting biological role of cutin to us is its proposed 
restricting effect on epidermal cell expansion (epidermal-growth-control 
theory), and thus on organ growth (Hoffmann-Benning and Kende, 1994; 
Kutschera and Niklas, 2007). Based on this hypothesis, we proposed that 
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cutin required to be loosened to allow rapid growth. The effects of plant 
development on the new cutin-to-fatty acid transacylase activity 
(summarization in 6.1.3) were compatible with our hypothesis.  
Cutin has been characterised as a polyester whose building blocks are 
hydroxy fatty acids (e.g. 10,16-dihydroxyhexadecanoic acid, di-HHA, and 16-
hydroxyhexadecanoic acid, HHA) and a minority of other lipophilic 
compounds, such as aldehydes and alcohols (reviewed by Fich et al., 2016). 
Cutin is putatively a continuous lipid layer as it has been observed under 
microscope via being stained by lipid staining reagents (Jeffree, 2006; Yeats 
et al., 2012); and the insolubility of cutin in neutral organic solvents, but the 
capability of being alkali-hydrolysable (Kolattukudy, 1977) provides chemical 
evidence for its polyester nature. Nevertheless, an overview of cutin 
architecture still remains hypothetical because of contradicting results (‘cutin 
structure’, Chapter 1).  For example, by marking the free hydroxy groups, 
Deas and Holloway (1976) and Kolattukudy (1977) found that mainly primary 
hydroxy groups are involved in polymerisation, whereas the partial hydrolysis 
of cutin suggests that mainly secondary hydroxy groups contribute to 
polymerisation (Fang et al., 2001; Graça and Lamosa, 2010).  
A very recent study of cutin architecture is that conducted by Bhunia et al. 
(2018), who coupled partial hydrolysis of cutin by cutinase, chemical marking 
of the free hydroxy groups and high-resolution mass spectrometry to study 
apple fruit cutin’s structure. However, by using the cutinase hydrolysis 
strategy, Bhunia et al. (2018) only found oligoesters with primary hydroxy 
groups involved, whereas the chemical marking strategies showed that 
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secondary hydroxy groups are more involved in polymerisation than the 
primary ones. These contradicting results again suggest that the current 
investigating strategies can produce biased results. For example, ester 
bonds made via secondary hydroxy groups are more resistant to alkali 
hydrolysis than those via primary hydroxy groups (Deshmukh et al., 2003). 
Thus, a strategy of investigating the intact cutin layer is required to obtain 
more in-vivo information on the cutin architecture.  
Atomic force microscopy could be a powerful tool to obtain nanostructural 
details of the cutin surface (reviewed by Vahabi et al., 2013). However, the 
resolution of atomic force microscopy does not allow an elucidation of cutin 
architecture details (e.g. Isaacson et al., 2009; Fig. 4), such as how separate 
cutin molecules cross-link to each other.  
Nevertheless, a general putative cutin molecular architecture has been 
illustrated in Chapter 1 (Fig. 3).  
Covalent links between cutin and cell wall polysaccharides have been 
proposed for a long time, but only general hints supporting this idea have 
been obtained, for example from analysing partially digested lime fruit cuticle: 
oligomers made of cutin fatty acids and cell wall oligosaccharides were found 
by NMR, and the linkage type was proposed to be ether (Fang et al., 2001; 
Tian et al., 2008; reviewed by Fich et al., 2016). However, no evidence of the 
responsible enzyme activity was shown (Tian et al., 2008). Physiologically, 
polysaccharides in the cell wall are proposed to be involved in reinforcing the 
cuticle (López-Casado et al., 2007; Takahashi et al., 2012; España et al., 
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2014). My findings of a cutin re-modelling (cutin-to-XGO) transacylase 
activity are the first to indicate a cutin–polysaccharide linking mechanism 
based on biochemical studies (summarization in 6.1.3).   
6.1.2 The only well-studied apoplastic cutin transacylase, CD1 
The only well-studied apoplastic cutin-related transacylase is cutin synthase 
(CD1); it has been characterised by in-vitro assays and in-planta studies 
(Yeats et al., 2012). The polypeptide sequence of CD1 indicates that it 
belongs to the GDSL family, which is characterised as containing a relatively 
conserved Gly-Asp-Ser-Leu consensus near the N-terminus (Akoh et al., 
2004). Proteins belong to this family have a broad substrate specificity due to 
their induced-fit catalytic mechanism: as an example, the TEP-I protein from 
E. coli is multi-functional as protease and thioesterase etc. (Akoh et al., 
2004). For plants, more than a hundred of genes are assigned to code GDSL 
enzymes in e.g. Arabidopsis (Lai et al., 2017), and the encoded proteins are 
widely accepted to have diverse physiological functions. For instance, a CD1 
homologue in Arabidopsis, AtCUS2 (encoded by At5g33370), was suggested 
to maintain cuticular ridges on sepals (Hong et al., 2017). Differently, another 
Arabidopsis GDSL esterase, cuticle destructing factor 1 (CDEF 1, encoded 
by At4g30140), an extracellular enzyme as CD1, was demonstrated to have 
a cutinase activity, which hydrolyses the cuticle on stigma and helps the 
penetration of pollen tubes (Takahashi et al., 2010). Another type of function 
of GDSL enzymes is mediating xenobiotic metabolism: e.g. AmGDSH1 in 
black-grass (Alopecurus myosuroides) was identified to hydrolyse 
aryloxyphenoxypropionate (AOPP) graminicides, and in turn activates it 
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(Cummins and Edwards, 2004). In summary, GDSL proteins in plants are 
involved in diverse mechanisms, such as morphogenesis, reproduction and 
herbicide metabolism.  
Like the AmGDSH1 (Cummins and Edwards, 2004), CD1 is also a 40 kDa 
protein (Yeats et al., 2012) with N-glycosylations that are predicted based on 
its polypeptide sequence (comp.chem.nottingham.ac.uk/glyco/) and the fact it 
can only be heterlogously produced in plants (tobacco) rather than E. coli or 
even Pichia pastoris (personal communication with Prof. JKC Rose). CD1 is 
predicted (UniProt) to be hydrophilic (Grand average of hydropathicity = - 
0.035), agreeing with the fact that it is not a membrane protein. Moreover, 
CD1 is proposed to contain disulphide bonds made by nearby cysteine 
residues (DIANA; Bakan and Marion, 2017) based on its polypeptide 
sequences. As an apopastic protein, it has an N-terminal signal peptide for 
guiding it to be secreted from cytoplasm (Yeats et al., 2012). In the whole 
tomato plant, CD1 is mapped to be mainly expressed in young, rapidly 
growing leaves and fruits, with a relatively low abundance in stem and floral 
buds, but not detectable in roots (Yeats et al., 2012). CD1’s physiological 
significance was studied by knocking it out in tomato plants and found that 
cutin load is decreased, and the harvested tomato fruits loses water faster 
than the wild-type one (Yeats et al., 2012).  
CD1 (SlCUS1) homologues are found in moss (Physcomitrella patens) and 
vascular plants (Arabidopsis thaliana) (Yeats et al., 2014). They all use 2-
mono(10,16-dihydroxyhexadecanoyl)glycerol (2-MHG), a precursor of cutin, 
as the substrates (both acyl donor and acceptor), to produce cutin polymer 
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by their transacylase activity (Yeats et al., 2014). This transacylase activity is 
highest at pH 5.0 in vitro (Yeats et al., 2014), which is within the physiological 
range of expanding cells’ apoplast (reviewed by Cosgorve, 2005) and fitting 
into the in-planta characteristics: CD1’s transcript and protein are most 
abundant in young, rapidly expanding tomato fruits and leaves (Yeats et al., 
2012; Yeats et al., 2014). A hydrolysis activity of CD1 on 2-MHG was also 
reported, but very low compared with the 2-MHG-to-2-MHG transacylase 
activity (Yeats et al., 2014). Nevertheless, CD1 is not strictly restricted to 2-
MHG; it can also use the isomer, 1-MHG to produce oligoesters, but with a 
weaker activity (Yeats et al., 2014). In-vitro studies showed that CD1 can 
only transfer acyl groups to the terminal hydroxy group of di-HHA (Yeats et 
al., 2014). However, in-planta evidence showed that CD1 can also use the 
secondary hydroxy group as the acyl acceptor site (Philippe et al., 2016) 
(‘Cutin polymer biosynthesis’, Chapter 1).  
A very recent unpublished study reported that a CD1 (SlCUS1)’s orthologue, 
SlCUS2 (another GDSL transacylase), catalyses the cutin polymerisation 
reaction with the same mechanism as CD1 in vitro (Segerson, 2018).  
Based on the findings above, we proposed that unspecified GDSL 
transacylase(s) can also re-model cutin for different physiological purposes 
(see below) besides cutin hydrolysis (e.g. CDEF1; Takahashi et al., 2010) 





6.1.3 Two novel apoplastic cutin transacylase activities discovered in this 
thesis  
i. Background 
We proposed that cutin, as a polyester layer in epidermis, requires to be re-
modelled by a transacylase(s) during rapid growth of plant shoots as the cell 
wall is (e.g. xyloglucan; Fry et al., 1992). In this thesis, I devised and built up 
a portfolio of in- and ex-situ radio-chemical assays involving cutin as the 
transacylation acyl donor, and various cutin and cell wall polysaccharide 
components as the acyl acceptors.  
I chose three angiosperm plants with thick epidermis as the study models: 
pea (epicotyl), ice plant (leaf) and tomato (fruit). Moss and the most 
commonly used angiosperm model plant, Arabidopsis, were not selected 
here because of the technical difficulty in isolating epidermis (Franke et al., 
2005). I found two novel cutin transacylase activities in all the three model 
plants via radio-chemical assays (very sensitive to monitor low abundant 
enzymic products) coupled with chromatographic analysis, indicating that the 
putative re-modelling mechanisms exist in a wide range of angiosperm 
plants.  
One re-modelling mechanism is conferred by an endo-homo-transacylase 
activity (acyl donor: cutin, acceptor: cutin or cutin fatty acids; [3H]HHA being 
the model in this thesis), which is proposed to be involved in loosening cutin 
during cell expansion (i.e. transiently cutting a cutin molecule, to allow cutin 
to be loosened, and then transfer the broken cutin to a nearby one to form an 
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ester bond again after incremental expansion, re-forming an intact cutin 
matrix); the other one is conferred by an endo-hetero-transacylase activity 
(donor: cutin, acceptor: cell wall xyloglucan; [3H]XXXGol here), which is 
proposed to reinforce cutin mechanically during growth. Their mechanisms 
were elucidated by identifying the products via chemical degradation coupled 
with chromatographic analysis.  
ii. Novel cutin endo-homo-transacylase activity 
The putative cutin endo-homo-transacylase activity, cutin:cutin transacylase 
(CCT) was detected by monitoring the incorporation of a radio-labelled fatty 
acid, [3H]HHA, whose non-radio-labelled version is a common cutin fatty acid 
in nature (e.g. (Kosma et al., 2010). The CCT product is proposed to be a 
cutin–[3H]HHA ester-bonded conjugate, which is labile in alkali. After a series 
of thorough washes in acidic and neutral organic solvents to remove 
interferences, [3H]HHA was released into solution from insoluble epidermis 
under alkaline condition (e.g. Fig. 29, Chapter 3), indicating that [3H]HHA was 
indeed ester-bonded. [3H]HHA’s primary hydroxy group was demonstrated to 
be the acyl acceptor site by comparing its incorporation with that of 
[14C]hexadecanoic acid (HA), which is the same as [3H]HHA except for 
lacking the hydroxy group (Fig. 17, Chapter 3). Other possible acyl donors 
besides cutin, such as wax oligoesters and methyl esterified 
homogalacturonan, were demonstrated to be unlikely because there was no 
evidence of the wax oligoesters exist in the serial neutral organic solvent 
washes (Yeats et al., 2010; Yeats et al., 2012) (Fig 24 and 26, Chapter 3; 
Fig. 67 and 71, Chapter 4), and the methyl esterified homogalacturonan 
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oligomer does not have the acyl donor ability (Fig. 54, Chapter 4), and thus 
cutin was the only feasible acyl donor in this transacylation reaction. This 
work provided the first evidence for the existence of the putative CCT activity. 
Its in-muro localisation was not studied in this thesis, but it is proposed to be 
in both electron-dense and -lucent regions under microscopes (i.e. the whole 
cutin region) (Jeffree, 2006) because the CCT was not seem to be washed 
away by buffers when it is embedded in epidermis (Fig. 13 and 14, Chapter 
3), suggesting that it may associates with the hydrophobic cutin-rich layer.   
The substrate specificity of CCT was not studied due to the failure of 
purifying di-HHA (Appendix 6). Moreover, the cutinase (from Aspergillus 
nidulans, AN7541.2) I employed to hydrolyse cutin specifically for finding the 
possible ester-bonded [3H]HHA, which may have been incorporated by the 
putative CCT activity, did not have the predicted activity (Fig. 28b, Chapter 
3). Instead, I used the chemical (CMNaOH) degradation strategy, which is 
less specific than the enzymic one. Therefore, in summary, more substrates 
and a functional cutinase should be added in future experimental portfolios.  
This putative CCT activity’s physiological function is believed to be consistent 
with our hypothesis, loosening cutin. Two main arguments support this 
statement: (1) CCT activity has been suggested to operate during rapid 
growth: young and rapidly expanding tomato fruit and ice plant leaf showed 
the highest CCT activity, which steeply dropped once cells stopped 
expanding (Fig. 36 and 37, Chapter 3). (2) CCT activity is highest at pH 4.5–
6.5 in situ (Fig. 9 and 10, Chapter 3), further suggesting that CCT operates 
during cell expansion (reviewed by Cosgrove, 2005). These characteristics 
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and the putative ‘cut-and-paste’ mechanism of CCT activity together are 
compatible with the idea that cutin may indeed restrain cell expansion 
(‘6.1.1’). More direct evidence needs to be obtained in future work by 
identifying the gene (and protein) responsible for CCT activity, and then 
investigating phenotypes of mutants (in-planta studies).  
Another question is that whether CCT is only required during growth for 
loosening cutin (epidermal-growth-control theory) or also plays other roles, 
such as healing wounds in the cuticle after the cessation of expansion. This 
hypothesis is raised because the CCT activity is not decreased dramatically 
at pH 7.5, a pH value out of the physiological range of rapidly expanding 
cells’ apoplast (reviewed by Cosgrove, 2005) (Fig. 9 and 10, Chapter 3). As a 
comparison, CD1, a transacylase only required during fast growth, was 
degraded once the expansion stopped (Yeats et al., 2012).  
The protein corresponding to the transacylase activity was not identified in 
this thesis, and therefore we cannot conclude whether it is also a GDSL 
enzyme as CD1 (Yeats et al., 2012). However, the only solid evidence is that 
CD1 does not have the observed CCT activity in situ and in vitro: [3H]HHA 
incorporation was not significantly reduced in the cd1-null tomato fruits; and 
the purified His6-tagged CD1 protein did not use HHA as an acyl acceptor 
(Fig. 33 and 35, Table 9, Chapter 3). The pH optima of CCT and CD1 are 
also different based on my own in-situ assays (Fig. 9 and 10, Chapter 3) and 
the published in-vitro assays (Yeats et al., 2014). Nevertheless, we cannot 
exclude the possibility that CCT and CD1 are co-regulated, because tomato 
fruit at 14-days after anthesis (DAA) has the highest CCT activity (Fig. 36, 
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Chapter 3), similar to CD1 (Yeats et al., 2012). For the metal co-factor 
requirement, there is no published study for CD1 (June, 2019), so I cannot 
compare the beneficial effect of Ca2+ on CCT activity with any effect on CD1 
(Fig. 22, Chapter 3). Another different enzymological difference is that CD1 is 
predicted to contain disulphide bonds based on its polypeptide sequence as 
stated above (Bakan and Marion, 2017), but my biochemical results 
suggested the opposite of CCT: the addition of the reducing agent, DTT, to 
prevent undesirable disulphide bonds did not affect the CCT activity, enabling 
us to propose that the 3-D structure of CCT does not allow the disulphide 
bonds formation (Fig. 19 and 20, Chapter 3).  
Environmental stresses were also applied to plants to obtain more 
information of the CCT activity’s physiological significance. High humidity 
decreased the putative CCT activity insignificantly (Fig. 40, Chapter 3), 
providing a hint that this new cutin transacylase activity may not play an 
important role in response to humidity change. Low temperature decreased 
the CCT activity significantly after 8 days at 4°C (Fig. 41, Chapter 3), which 
may hint that the CCT activity is not important in resisting cold temperature. 
Continuous light exposure also did not affect CCT activity significantly (Fig. 
39, Chapter 3), even though the light produced 4-fold shorter pea epicotyls 
than the samples gown in the dark. Noticeably, the data here was obtained 
from in-situ assays, which demonstrate the synergic results (cutin-to-[3H]HHA 
transacylation product) of substrate (cutin) and enzyme (CCT activity). 
Therefore, to focus on the effects of environmental factors on the CCT 
activity, more approaches (e.g. in-vitro assays involving the purified CCT and 
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in-vivo assays with the CCT protein being immuno-labelled) should be 
recruited once the CCT transacylase has been identified.  
Taken together, I added new aspects (metabolism) to the understanding of 
plant cutin by discovering a novel putatively cutin-loosening transacylase 
activity, CCT, in vascular land plant shoots. It is the only reported apoplastic 
cutin transacylase activity besides the cutin synthase activity of CD1 (Yeats 
et al., 2012) and SlCUS2 (Segerson, 2018). Whether bryophytes also contain 
the CCT activity remains a question here, but it is valuable to be studied in 
future to investigate CCT activity’s physiological significance from an 
evolutionary perspective. Moreover, CCT activity’s pH optimum and the 
effects imposed by growth enable us to propose that it may loosen cutin 
during cell expansion, supporting the ‘epidermal-growth-control theory’ of 
cutin from a side angle.  
Another cutin loosening mechanism was also proposed by us: cutin can be 
loosened by degrading via the reverse reaction of cutin synthesis catalysed 
by CD1 (Eq.1, Chapter 1) (Yeats et al., 2012). In this reverse reaction, cutin 
polymer is the acyl donor and glycerol is the acyl acceptor (in the forward 
reaction, acyl groups from 2-MHG molecules are transferred onto cutin, 
producing elongated cutin and glycerol molecules) (Eq.1, Chapter 1) (Yeats 
et al., 2012). However, this reverse reaction was not detectable in situ, in 
vitro and in planta under our conditions (Chapter 5). Thus, we propose that 
the CD1 does not catalyse the reverse reaction of the cutin biosynthesis 
(‘discussion’, Chapter 5).  
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iii. Novel cutin endo-hetero-transacylase activity 
The other novel activity is cutin endo-hetero-transacylase activity, conferred 
by the cutin:XGO transacylase (CXT). As in the last section, epidermis was 
isolated from pea epicotyl, ice plant leaf and tomato fruit as the acyl donor 
because it contains cutin, but the acyl acceptor was [3H]XXXGol here to be a 
model of cell wall xyloglucan, which is a very abundant cell wall 
polysaccharide (reviewed by Cosgrove, 1997). [3H]Xyloglucan was not used 
because it may form H-bonds with endogenous cell wall polysaccharides, 
resulting in interfering the covalently bonded 3H, which may contain the 
proposed CXT product.  
The CXT activity was also reproducibly observed in independent experiments 
of one plant model, and repeatedly in all three models. CXT’s product is 
modelled as ester-bonded cutin–[3H]XXXGol/[3H]XXGol/[3H]XGol conjugates 
because [3H]XXXGol, [3H]XXGol and [3H]XGol were incorporated into alkali-
labile products (Fig. 75, 76 and 77, Chapter 4); and cutin is the most feasible 
acyl donor because no evidence (e.g. no 3H dissolved in neutral organic 
solvents; Yeats et al., 2010) for any oligoester to form ester bonds with 
[3H]XGO (Fig. 73 and 77a, Chapter 4), and the methyl esterified galacturonan 
does not have the acyl donor ability (see below). The cutin–
[3H]XXGol/[3H]XGol conjugates are proposed to be mainly produced from the 
initially formed cutin–[3H]XXXGol, whose XGO motif was then hydrolysed by 
glycosidases (α-D-xylosidase and β-D-glucosidase) (Guillen et al., 1995; 
Miyamoto et al., 1997). However, this hydrolysis was unexpected because 
the cutin linkage was thought to prevent the [3H]XXXGol from being the 
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substrate of the glycosidases. Moreover, the ratio of the shorter 
[3H]XGO/longer [3H]XGO increased in the putative CXT products than in the 
substrate (Fig. 75, 76 and 77, Chapter 4), hinting that the glycosidase 
activities were even promoted by the cutin linkage. However, the 
corresponding mechanism remains a mystery here.  
Beyond XXXGol, different oligomers from hemicellulose and pectin were 
screened, but [3H]XXXGol is the only one has the acyl acceptor ability 
followed by [3H]XXGol (Fig. 62, Chapter 4). [3H]XXFGol only has trace of 
acceptor ability (Fig. 66, Chapter 4), implying that the putative cutin 
transacylation reaction was hindered by adding two monosaccharide 
residues onto the third X unit (from left; Fig. 67). Thus, I propose that cutin is 
ester bonded to a free hydroxy group of the xylose in the third X unit of an 
XXXGol molecule, because as the closest residue to the additional 
monosaccharides in XXFGol, the xylose has a higher potential to be sterically 
hindered than others, e.g. the glucose residue in the third X unit (Fig. 84, 
Chapter 4). In addition, the stereo-structure of XXFGol indicates that the 
hydroxy group at C-4 is closest to the additional D-galactose and L-fucose 
residues, but not completely hindered by them as at C-2 (Fig. 89, Chapter 4), 
leading to the hypothesis that it is the actual cutin-linking site in XXXGol. The 
hydroxy group at C-3 is also a candidate, even though it protrudes to the 
opposite direction to the additional residues (Fig. 89, Chapter 4).  
Strikingly, as the nearby polysaccharide to cutin, pectin components (Fang et 
al., 2001; reviewed by Fich et al., 2016) do not have acyl acceptor ability (Fig. 
57–59, Chapter 4), except that the arabinan oligomer, [3H]Ara8-ol, related to 
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a RG-I side chain showed a very low one (Fig. 47 and 48, Chapter 4). These 
results not only indicate that covalent bonds between cutin and pectin is very 
rare in spite they are physically close (Jeffree, 2006), but also as the first 
evidence to point out that only cutin is the acyl donor in the hetero-linking 
reaction, instead of methyl esterified galacturonan (reviewed by Fich et al., 
2016; Fig. 5a, Chapter 1). The complete lack of acyl acceptor ability of 
secondary cell wall hemicellulosic components indicates the putative CXT’s 
substrate specificity, and also suggests that the CXT may only operates 
during cell expansion (i.e. secondary cell wall appears after cell stops 
expansion; reviewed by Cosgrove, 2005).  
CXT activity with [3H]XXXGol as the acyl acceptor is much lower than the 
xyloglucan endotransglucosylase (XET) activity, which also uses [3H]XXXGol 
as a substrate (Fry et al., 1992; reproducibly observed throughout Chapter 
4). This difference was expected because cutin and xyloglucan are physically 
separated in two layers of epidermis, relatively low chance to interact; and 
the cutin–XGO hetero-polymer may not as vital as cutin–cutin and XGO–
XGO homo-polymers (i.e. xyloglucan- or cutin-deprivation can be lethal for 
plants).  
Since the new CXT activity and XET activity share the same substrate, an 
interaction-network of CXT and XET activities in planta may be hinted. For 
instance, one possible scenario is that CXT activity competes with XET 
activity for the newly synthesized xyloglucan oligomers (XXXG) as the 
substrates (Simmons et al., 2015); another possibility is that CXT also links 
cutin to the XET products, xyloglucan oligo- and/or poly-mer (Fry et al., 1992; 
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Simmons et al., 2015). The second scenario could be partially answered by 
looking for the cutin-to-xyloglucan transacylase activity to be compared with 
the new CXT activity (XGO as the acyl acceptor). However, it could not be 
studied in this thesis due to the technical limitation as stated above. In the 
future, investigating the interactions between epidermal re-modelling 
mechanisms may deepen the understanding of plant physiological changes 
during growth.  
Like CCT above, CXT was also not identified in this thesis, and again CD1 
clearly does not catalyse the cutin-to-[3H]XXXGol transacylation reaction 
(Fig. 75, 76 and 77, Chapter 4) due to similar reasons as in the last section: 
(1) the putative CXT activity was not decreased in the cd1-knockout tomato 
fruit mutant’s epidermis significantly; (2) the purified His6-tagged CD1 did not 
catalyse the cutin-to-XGO or pNPP-to-XGO transacylation (Fig. 78–80, 
Chapter 4). Moreover, my results indicate that CXT is a separate enzyme 
from CCT, because of their different pH optima, responses to development 
and cold temperature (see below). In addition, different from the CCT activity 
(last section), the CXT activity is benefited by the additions of a metal 
chelator, EDTA, and the reducing agent, DTT (Fig. 71 and 72, Chapter 4), 
suggesting that CXT activity can be inhibited by adding metal ions, and its 3-
D structure may allow undesired disulphide bonds to be formed. Preliminary 
evidence also suggests that CXT may locate more in the electron-dense 
region (closer to cell wall) under microscope (Jeffree, 2006) compared with 
CCT, because its activity was suggested to be decreased after the epidermis 
specimen being washed in buffer based on my preliminary data, possibly 
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because the CXT associates with the cell wall (hydrophilic layer) more than 
the CCT does (‘3.1.3’, Chapter 3; ‘4.1.3’, Chapter 4).   
The hypothesized CXT’s physiological function is supported by CXT’s pH 
optimum, which is 6.5–7.5 (Fig. 45 and 46, Chapter 4), similar to a xyloglucan 
re-modelling transglucosylase, TCH4 (AtXTH) in Arabidopsis, whose 
physiological function is characterised to be reinforcing cell wall mechanically 
(Purugganan et al., 1997). Furthermore, CXT activity in tomato fruit and ice 
plant leaf is highest towards the end of cell expansion (Fig. 81–83, Chapter 
4). This observation might be explained as that the CXT activity increases in 
expanded organs to prevent ruptures, whereas the smaller and rapidly 
growing organs do not demand this reinforcement.  
Like in the last section, environmental stresses were also applied to our 
model plants besides the healthy growing condition, to study the 
physiological functions of CXT activity. I found that the CXT activity was 
increased by a short period of cold temperature in situ (Fig. 82), suggesting 
that the CXT activity might be involved in resisting short-term cold, possibly 
by regulating cell wall pore sizes to prevent ice formation in the apoplast 
(Beck et al., 2007). Again, this putative characteristic is shared with the 
TCH4, which is also reported to have a higher activity at lower temperature 
(Purugganan et al., 1997), supporting the proposed CXT function (reinforcing 
epidermis mechanically) further. As another environmental stress, high 
humidity did not affect CXT activity significantly in situ (Fig. 86, Chapter 4). 
The ex-situ assay also only showed a slight trend of that high humidity 
decreases CXT activity (Fig. 87, Chapter 4).  
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Continuous light also did not decrease CXT activity as for CCT in situ, but the 
effect was more significant for CXT (Fig. 85, Chapter 4). Furthermore, the ex-
situ assay revealed that the CXT activity is much higher in the dark-grown 
samples than the in ‘light’ ones (Fig. 87, Chapter 4), suggesting a positive 
correlation between growth rate and the CXT activity. This correlation was 
not observed in situ may be because the cutin availability (substrate) was 
slightly decreased by the dark condition, countering the improved CXT 
activity (enzyme), resulting in increasing the product (alkali-releasable 3H) 
quantity slightly (Fig. 85 and 87, Chapter 4).  
Taken together, I obtained the first biochemical evidence of the covalent 
bonds putatively between cutin and xyloglucan oligomer and solved the 
historical mystery of the linking mechanism (reviewed by Fich et al., 2016) by 
providing a model of cutin–xyloglucan conjugate structure. To avoid the 
contamination from XET product (i.e. xyloglucan oligomer–[3H]XGO was 
found to be dissolved in the hydrophobic alkali solution, CMNaOH) and 
increase the specificity, cutinase hydrolysis should replace the current 
chemical hydrolysis to support our current mechanism elucidation.  
iv. Summary 
Both new transacylases putatively use cutin as the only acyl donor, and their 
activities were quantitatively similar when the conditions were very 
comparable (‘3.7’, Chapter 3; ‘4.4.4’, Chapter 4). These findings enable us to 
propose a dynamic epidermis model: in parallel with cell wall loosening, cutin 
is also loosened to allow cell expansion at the young, rapidly growing stage, 
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but soon after, cutin is cross-linked to neighbouring xyloglucan to strengthen 
the epidermis of the highly expanded, but still growing cells. These 
discoveries answered long-standing questions and opened new possibilities 
for future cutin re-modelling studies (see below).  
6.2. Prospects of understanding cutin re-modelling mechanisms 
6.2.1 Exploring more cutin re-modelling and biosynthesis mechanisms  
There is only very limited understanding that how other cutin components are 
incorporated. For examples, phenolic compounds are suggested to be 
incorporated into cutin by forming cutin fatty acid–phenolic conjugates before 
being exported to apolast (Rautengarten et al., 2012). However, the 
mechanism of cutin alcohols and aldehydes incorporation is completely 
unknown. It is also unknown whether other cell wall components, such as 
arabinoxylans and glucuronoxylan (reviewed by Ebringerová et al., 2005) in 
hemicellulose, as well as other pectin sidechains, such as arabinogalactan 
and xylogalacturonan (reviewed by Voragen et al., 2009) can be incorporated 
into cutin. Besides the cell wall, wax is also nearby cutin (Jeffree, 2006; 
reviewed by Beisson and Ohlrogge 2012), and therefore a link between them 
can be possible. The developed experimental strategies involving highly 
sensitive radio-chemical assays in this thesis can be easily adapted to 
explore other hetero-conjugates of cutin and broaden the understanding of 





6.2.2 Dissecting the regulatory mechanisms of cutin metabolism 
It is still unclear of that how these two transacylase activities are regulated 
(i.e. cell expansion stimulates them or the opposite). The similar issue has 
been solved for the xyloglucan re-modelling enzyme, XET activity: cell 
expansion stimulates the expression of TCH4, a gene encoding an enzyme 
with XET activity in Arabidopsis (Xu et al., 1996). At the translational level, 
the XET activity in barley leaves increases with the increase of growth rate 
(Palmer and Davis, 1995).   
This question regarding cutin can be studied by different strategies. For 
example, to study the first possibility that whether growth stimulates re-
modelling enzyme activities, CCT and CXT should be identified first, and the 
effects of growth rates on their transcripts can be quantified by e.g. RNA-seq 
(reviewed by Garber et al., 2011). For the effects on the translational level, 
CCT and CXT protein quantity, as well as activities in vivo can be quantified 
by e.g. western blotting (i.e. quantifying the protein abundance in samples 
with different growth rate) (reviewed by Kurien and Scofield, 2006) and 
immunocytochemistry (i.e. monitoring substrate incorporation in vivo) 
(reviewed by Knox et al., 1980) respectively. Moreover, auxin is well known 
for inducing rapid growth in planta (reviewed by Cosgrove, 2005), but 
whether it can directly affect the two new transacylase activities alone without 
changing their transcripts level through signal transductions would be 
interesting, exemplified by the fast response of the transport inhibitor 
response 1 (TIR1) to auxin within seconds (reviewed by Badescu and Napier, 
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2006). This hypothesis could be investigated by supplying auxin to the 
purified CCT and CXT in in-vitro assays.  
For the second possibility, the CCT and CXT coding genes can be knockout 
to observe the effects on cell expansion in planta.  
6.2.3 Significances of current knowledge in synthetic biology 
CCT and CXT activities putatively can loosen cutin and reinforce cutin 
respectively. Thus, the understanding of them can be applied to improve 
plants’ adaptions in response to changing environment via genetic 
engineering (reviewed by Mittler and Blumwald, 2010). For instance, more 
phenolic components can be introduced into cutin to resist stronger UV 
(Auyong et al., 2015); and more links between cutin and cell wall can be 
useful in resisting wind.  
After being identified, CCT and CXT can also be engineered via e.g. directed 
evolution strategy (reviewed by Arnold and Volkov, 1999) to improve their 
promiscuity and broaden the stereoselectivity, that can be applied in 












Appendix 1. Cutinase (Aspergillus nidulans) extraction and in-vitro 
assay 
P. pastoris cultivation and induction 
The received P. pastoris (strain SB) (FGSC), which heterologously produced 
an annotated cutinase (AN7541.2, ~28 kDa), was replicated onto fresh YPDS 
plates (with 100 µg/ml zeocin) and incubated at 30°C for 1 day. The following 
P. pastoris cultivation protocol and media recipe was obtained from Bauer et 
al. (2005): the individual colonies were inoculated into 100 ml BMGY medium 
(buffered complex glycerol medium) in 500 ml flasks, which were shaken 
(200 rpm) at 30°C till OD600 = 3.0–6.0. Cells were sediment down by 
centrifuging at 2000 rpm with brake 3 for 30 minutes. Supernatant was 
discarded and cell pellets were re-suspended in ~50 ml BMMY (buffered 
complex methanol medium; the best induction medium, comparison results 
not shown) to wash the last trace of BMGY. The cell suspension was then 
centrifuged as before, and the supernatant was discarded again. Cells were 
then transferred into 500 ml flasks containing 100 ml BMMY to achieve the 
final concentration as OD600 = 1.0 and shaken under the same conditions as 
above for 1 day.  
Cutinase (AN7541.2) extraction 
PpICZα vector was used to express AN7541.2, and therefore the cutinase 
was secretory. Culture medium containing the cutinase was obtained by 
centrifuging the cell culture at full speed for 30 min, and then dialyzed (cut-




The dried medium was weighed and re-dissolved in pH 8.0 buffer (50 mM 
collidine-acetate) to achieve desired concentration. A stock solution (5 mM) 
of pNPP was prepared by emulsifying it in 1% (v/v) Triton X-100, followed by 
adding 1% (v/v) isopropanol to completely dissolve it (Muralidharan et al., 
2013). For assays the p-NPP stock solution was diluted 10 times (final 
conc.= 0.5 mM), which was then incubated with 0.15% (w/v) cutinase-
containing culture medium solution at 37°C for 3 days. The cutinase activity 
was quantified by quantifying the produced p-NP via measuring light 
absorption at 410 nm.  
After 3 days incubation, all the pNPP was hydrolysed (Fig. 97a). 
Phenylmethylsulfonyl fluoride (PMSF) was found to inhibit the cutinase 


























































Figure 97. Cutin estarase (AN7541.2) activity on pNPP in vitro. (a). Heterologously 
produced cutinase (AN7541.2) with culture medium (0.15% w (dry weight)/v) was 
incubated with 0.5 mM p-NPP in 1 ml pH 8.0 buffer (50 mM collidine-acetate) at 37°C 
for 3 days. The A410 reading of ‘+ cutinase’ samples was obtained by using ‘cutinase 
only’ samples as the blank (A410 = 0, not shown), because the culture medium colour 
was very dark. ‘p-NPP only’ provided a control; ‘p-NP’ with the same concentration 
of p-NPP (0.5 mM) provided a standard for complete hydrolysis of p-NPP. (b). 
Experimental strategies were as in (a), except 0.075% w/v cutinase-containing 
medium was incubated with p-NPP with or without 1 mM PMSF (dissolved in DMSO). 
p-NPP hydrolysis percent (%): A410 of ‘+ cutinase’ samples - A410 of ‘p-NPP-only’ 














































Appendix 2. Lipase (Aspergillus niger) in-vitro assay  
The stock solution of pNPP was made as in Appendix 1. For assays, it was 
diluted to 33 µM and incubated with 0.02 U/ml A. niger lipase in pH 7.5 buffer 
(80 mM collidine-acetate) at 25°C for 3 days, , and the activity was quantified 
as in Appendix 1.  
After 3 days incubation, ~30% pNPP was hydrolysed (Fig. 98). 
Figure 98. Lipase (A. niger) activity on pNPP in vitro. Commercial lipase (0.02 U/ml) 
was incubated with 0.33 mM p-NPP in 1 ml pH 7.5 buffer (80 mM collidine-acetate) 
at 25°C for 3 days. The product was quantified by measuring A410. The reading of 
‘lipase only’ sample provided a blank; the ‘p-NPP only’ sample provided a control for 
auto-hydrolysis; the ‘p-NP’ sample with the same concentration of p-NPP (0.33 mM) 
provided a standard for complete hydrolysis of p-NPP. The percent (%) of hydrolysed 
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Appendix 3. The quantitative comparison of cutin in adaxial and abaxial 
Sedum leaf epidermis 
Adaxial and abaxial epidermis was stripped from fresh Sedum leaves with 
mixed sizes, and immediately frozen at –80°C. It was thawed before use, and 
the intracellular interferences and cuticle wax were removed by washing in 
water, acetone and boiled in chloroform for 90 s as in Chapter 2. The dried 
prepared epidermis was incubated with C/M/0–4 M NaOH (10/10/3, v/v/v) 
mixture to hydrolyse cutin at room temperature for 1 day. The reaction was 
terminated by adding excessive amount of acetic acid (5 moles/mole of 
NaOH), and the supernatant was collected and phase partitioned as in 
Chapter 2, followed by drying in SpeedVac. The residues were re-dissolved 
in a small volume of CMW (10/10/3, v/v/v), which was then loaded onto a 
TLC plate (silica gel 60) and developed in toluene/acetic acid (9/1, v/v, 1 
ascent). Hydrolysed fatty acids were visualised by staining the TLC plate in 
iodine atmosphere (Fig. 99 left) and 0.06% (w/v) rhodamine 6G dissolved in 
96% ethanol (Fig. 99 right). 
Both staining methods showed that, always more residues released from 
adaxial epidermis than from abaxial at all NaOH concentrations (Fig. 99). 
Moreover, the rhodamine 6G staining showed that Sedum leaf cutin may 








Figure 99. Quantitative comparison of CMNaOH-releasable residues between 
adaxial and abaxial Sedum leaves cutin. Sedum leaves epidermis was harvested and 
prepared to roughly remove interferences. The remained cutin was alkaline hydrolysed 
by CM, mixed with 0–4 M NaOH (10/10/3, v/v/v). The TLC plate was developed in 
toluene/acetic acid (9/1, v/v) for 1 ascent, followed by staining in iodine atmosphere 
first to visualize un-saturated fatty acids. And after the iodine was completely 
evaporated, the TLC plate was stained in 0.06% (w/v) rhodamine 6G to visualize 
saturated fatty acids. External markers were 25 µg HHA, HA and OA. HHA: 16-












Appendix 4. [3H]HHA–[3H]HHA ester chemical synthesis 
Desired amount of [3H]HHA (dissolved in ethyl acetate) was dried, and re-
dissolved in a small volume of tetrahydrofuran/water (5/1, v/v) to make a 
stock. The stock solution of NHS (0.23% w/v) and EDC (1.5% w/v) were 
prepared by dissolving them together in tetrahydrofuran/water (5/1, v/v).  For 
assays, the NHS-EDC stock solution were diluted to 10 times and mixed with 
an aliquot of [3H]HHA solution. The concentration was adjusted by adding 
tetrahydrofuran/water (5/1, v/v) to ~100 µl. The reaction was incubated at 
room temperature for up to 28 h, and being stopped by adding equal volume 
of freshly prepared methanol/acetic acid (1/1, v/v), followed by drying in 
SpeedVac. The residues containing putative [3H]HHA–[3H]HHA ester was re-
dissolved in toluene, followed by CM (2/1, v/v) to mimic the chemical 
degradation procedure of cutin transacylase product (Chapter 3 and 4). TLCs 
were developed in the same solvents as above, but 3 ascends.  
A new peak emerged after 100s incubation, and the [3H]HHA peak (RF = 
0.32–0.34) was completely converted to the new peak (RF = 0.25–0.26) after 
28h incubation (Fig. 100). This new peak was annotated to be [3H]HHA–








Figure 100. The RF of the putative ester, [3H]HHA–[3H]HHA on TLC. [3H]HHA 
was incubated with or without (blank) EDC (0.15% w/v) and NHS (0.023% w/v) 
solution in 100 µl tetrahydrofuran/water (5/1, v/v) at room temperature for up to 28 h. 
The mixture was dried and re-dissolved in toluene and CM (2/1, v/v) sequentially, 
which were loaded onto TLC plates as separate streaks. The TLCs were developed in 
toluene/acetic acid (9/1, v/v) for 3 ascents, and were radio-scanned by AR2000 for 1 
h per sample (spatial resolution = 0.086 cm) (unit: counts). RF values were annotated.  
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Appendix 5. Annotation of the unknown compound (RF  ≈ 0.66) in MFW 
(9/1/1)   
The unknown compound (RF ≈ 0.66) in the MFW (91/1, v/v/v) wash (Fig. 22, 
Chapter 3) was proposed to be a chemical product of [3H]HHA and other 
ingredients in the assay incubation mixture. Thus, these ingredients were 
screened as below.   
Desired amount of [3H]HHA (dissolved in ethyl acetate) was divided into two 
aliquots before drying. The first aliquot was re-dissolved in a few µl of DMSO 
and adjust to ~10 kBq/ml by adding 25 mM succinate (Na+), pH 5.5 buffer. 
The other dried aliquot was directly added with the same buffer to achieve 
the same concentration as the first aliquot.  
To mimic the cutin-to-[3H]HHA in-situ assays, the mixtures above were 
incubated at room temperature for 1 day. The DMSO-involved aliquot was 
further divided into 4 aliquots, and then 1 ml of each freshly prepared MFWs 
were added to one of the aliquots: 9/1/1, 0/1/10. 9/0/2, 0/0/0 (v/v/v). The 
aliquot without DMSO was only added with 1 ml of MFW (9/1/1, v/v/v). These 
5 newly made mixtures were incubated further at room temperature 
overnight.  
They were then dried in SpeedVac, and re-dissolved in ethyl acetate to be 
analysed by TLC (toluene/acetic acid, 9/1, v/v, 3 ascents).  
The unknown peak (RF = 0.65–0.69) emerged in all the samples, and thus 
indicating that none of the ingredients caused it (Fig. 101a).  
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However, the [3H]HHA marker from the same stock as the samples did not 
show the unknown peak, the difference was that it was not dried in 
SpeedVac. Moreover, the ratio of the RF of the unknown compound peak to 
[3H]HHA was the same as the one of OHA to HHA (Fig. 101b). Thus, we 
concluded that this unknown peak is very likely to represent OHA, which was 
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Figure 101. Identification of the unknown product (RF ≈ 0.66) in MFW wash of 
the in-situ cutin-to-[3H]HHA assay in Chapter 3.  
(a) [3H]HHA was incubated in 110–117 µl 25 mM succinate (Na+) buffer, pH 5.5 
with or without 7 µl DMSO at room temperature for 1 day. MFWs (9/1/1, 9/0/2, 
0/1/10, 0/0/11, v/v/v) were added and incubated at room temperature overnight to 
screen which ingredient interacted with [3H]HHA. The mixtures were dried in 
SpeedVac overnight and re-dissolved in ethyl acetate, which was then loaded on to a 
TLC plate, together with 1 kBq [3H]HHA, 50 µg HHA and HA as external markers 
(toluene/acetic acid, 9/1, v/v, 3 ascents). The radio-samples were scanned by AR-
2000 for 1 h per sample (spatial resolution: 0.086 cm; unit: counts), whereas the non-
radioactive markers were stained by 0.06% (w/v) rhodamine 6G.  
(b) 10 mg HHA was incubated with 32 mg pyridinium chlorochromate (oxidising 
agent) in 1 ml chloroform at room temperature for 12 h, and the reaction was stopped 
by adding 1 ml methanol. A portion of the incubation mixture was directly subjected 
to TLC analysis (toluene/acetic acid, 9/1, v/v, 1 ascent), together with HHA and HA 
external markers. Chemical names and RF values were annotated.  




















































Appendix 6. Isolation and purification of 10,16-dihydroxyhexadecanoic 
acid 
Extraction from tomato fruit  
Fully ripened tomato fruit (cv. Ailsa Craig) epidermis was isolated manually 
and frozen at –80°C before use. The frozen epidermis was then thawed and 
washed in water, acetone, chloroform/methanol (2/1, v/v) for three times in 
each solvent or mixture to remove intracellular molecules (e.g. pigments) and 
cuticle wax. The washed epidermis was subsequently boiled in chloroform for 
90 s to remove wax more thoroughly.  
The completely dried epidermis was hydrolysed in chloroform/methanol/6 M 
NaOH (10/10/3, v/v/v) at room temperature for 1 day to release cutin fatty 
acid residues. This alkaline hydrolysis reaction was stopped by adding 
adequate acetic acid (5 moles to 1 mole of NaOH). The supernatant was 
then phase partitioned as described in chapter 2 to remove aqueous-soluble 
compouned (e.g. sodium acetate).  
TLC analysis 
The hydrophobic layer was loaded to TLC plates to analyse the composition 
(Fig. 96). The TLC plate was then stained with iodine vapour, and the visible 
bands (Fig. 96) were carefully cut down and eluted in ethyl acetate after the 
iodine vapour was completely evaporated. The lowest band (RF ≈ 0.222)’s 
eluent colour was yellow, and the colour intensity decreased with the RF 
value increases. Markers were stained by iodine vapour first, followed by 




                                                                                                                                                     
Figure 102. TLC analysis of the CMNaOH-releasable residues from tomato fruit 
(cv. Ails Craig) epidermis. Prepared (i.e. dewaxed etc.) tomato fruit epidermis (20 
mg dry weight) was incubated with 1 ml chloroform/methanol/6 M NaOH (10/10/3, 
v/v/v) at room temperature for 1 day. Acetic acid (5 moles of NaOH) was used to stop 
the hydrolysis reaction. Phase partitioning was carried out as stated in Chapter 2. The 
hydrophobic layer in supernatant was loaded onto a TLC plate as a 12-cm streak, and 
developed in toluene/acetic acid (9/1, v/v) for 3 ascents (prolonged running time for 
~40 min in the last ascent). The residues released from tomato fruit epidermis was only 
visualized by iodine vapour to prevent contaminations for subsequent analysis. The 
external markers (40 µg HHA, HA, SA and OA) were visualized by iodine vapour first, 
and then by 0.006% (w/v) rhodamine 6G dissolved in 96% ethanol. RF values of the 
bands which were used for further analysis are annotated. HHA: 16-







An aliquot from each eluent was analysed by LC-ESI-QTOF-mass 
spectrometer (collaborated with Dr. Hannah Fluorance, University of 
Edinburgh) by following the protocol below: 
● Buffer A: 0.1% (v/v) formic acid in water 
● Buffer B: 5% (v/v) Buffer A and 0.1% (v/v) formic acid in acetonitrile 
* Samples were ran in positive mode first, followed by the negative one with 
10 mM ammonium formate added to buffer A 
● Column: Agilent 1.7u x 50mm x 2.1mm 
● Program: 0.3 ml/min flow rate; injection volume: markers were 10 ul 
● Markers: 0.2 mg/ml HHA, HA, stearic acid and oleic acid dissolved in 75% 
(v/v) acetonitrile  
● Sample: 500 µl of each eluent was dried in SpeedVac and then re-
dissolved in 250 µl 75% (v/v) acetonitrile.  
● Gradient:  
Elution time (min) % Buffer A  % Buffer B 
0 95 5 
1 95 5 
10 0 100 
11 0 100 
15 95 5 
 
Data was analysed in both positive and negative modes, a peak of m/z 
287.2228 was annotated to be the 10,16-dihydroxyhexadecanoic acid 
(C16H32O4) with a proton loss ([M – H]- adduct, C16H31O4), resulting in the 
formation of [di-HHA-] adduct (Fig. 104). And the quantity is highest in the 
lowest band on TLC (RF ≈ 0.222) (Fig. 102) and decreasing with the RF 
values increase (Fig. 104). All the four markers were also only detected in the 
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negative mode, but with very different elution times compare with di-HHA 












Figure 103. LC-ESI-QTOF-MS analysis of the CMNaOH-releasable residues 
from tomato fruit epidermis. An aliquot of each TLC eluent (re-dissolved in 75% 
acetonitrile), which putatively contained di-HHA was subjected to LC-MS, and the 
dissolved compounes were chemically ionized by 0.1% (v/v) formic acid and 10 mM 
ammonium formate. Data was analysed in both positive and negative modes, but di-
HHA was only found in negative mode. 
*. The highest amount of [di-HHA-] adduct is from the lowest band on TLC (RF ≈ 
0.222) in figure 96. 
**. The amount of [di-HHA-] decreases with the order of RF values in figure 96.                                                                                                                             
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Figure 104. Validation of LC-ESI-QTOF-MS methods for analysing fatty acids 
in CMNaOH-releasable residues from tomato fruit epidermis. Experimental 
details as in figure 97 were also applied to external markers HHA, OA, PA and SA 
(top to bottom) (2 µg), which were ran together the TLC eluent from figure 96. [M – 
H]- adducts of all the markers were found in the negative mode. HHA: 16-
hydroxyhexadecanoic acid; OA: oleic acid; PA: palmitic acid (hexadecanoic acid); SA: 
stearic acid. 
 
Purification by HPLC  
After being confirmed that the di-HHA was extracted and present in eluents, I 
attempted to purify it by following the reverse-phase HPLC protocol below. 
The detective facility conjugated with HPLC (VWR, US) is evaporative light 
292 
 
scattering detector (ELSD) (Shimadzu, Japan), because the di-HHA does not 
absorb UV.  
HPLC was operated by following the protocol below:  
● Buffer A: 0.1% formic acid and 1% ammonium formate in water 
● Buffer B: 5% water and 0.1% formic acid in acetonitrile 
● Column: ACE Excel 1.7 C18 AR, 100 x 2.1 mm  
● Program: 0.1 ml/min flow rate; injection volume: markers were 5–20 ul; the 
least abundant sample was 20 ul  
● Wavelength: 200 nm  
● Markers: 0.1 mg/ml HHA dissolved in 90% MeOH, 0.5 mg/ml HA dissolved 
in MeOH  
● Sample: 100 µl of each eluent was dried in SpeedVac and then re-
dissolved in 50 µl 75% (v/v) acetonitrile  
● ELSD temperature: 70 °C 
● Oven temperature: 25 °C 
● Gradient:  
Elution time (min) % Buffer A  % Buffer B 
0 95 5 
1 95 5 
10 0 100 
11 0 100 
12 95 5 
15 95 5 
 
A peak from the eluent sample had a similar elution time with 16-
Hydroxyhexadecanoic acid (HHA) and hydroxyhexadecanoic acid (HA) 
markers, only a trend that the elution time decreases with the increase of 
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hydroxylation degree (Fig. 105). Thus, this HPLC protocol did not 

















Figure 105. Reverse-phase HPLC-ELSD analysis of the CMNaOH-releasable 
residues from tomato fruit epidermis. By following the protocol of the reverse-
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phase HPLC-ELSD above, 0.5 µg HHA (top) (elution time: 4.48789 min) and 5 µg 
HA (bottom) (elution time: 4.68388 min) showed neat peaks. The peak in the middle 
panel (elution time: 4.46757 min) was proposed to be di-HHA; it was obtained by 
injecting 20 µl of the eluent residues from the highest band on TLC in figure 96 (RF 
≈ 0.389). HHA: 16-hydroxyhexadecanoic acid. HA: hexadecanoic acid. 
 
LC-MS validation 
To confirm that the peak appeared in the eluent samples was di-HHA, I 
collected six fractions from the HPLC facility according to elution time: 0–3 
min, 3–4 min, 4–4.5 min, 4.5–5 min, 5–10 min and 10–15 min. These factions 
were then analysed via LC-MS to validate the compound identity. 
Experimental details were the same as above, except that only HHA was 
used as a marker and samples were only ran in negative mode: 
● Buffer A: 10 mM ammonium formate in water 
● Buffer B: 5% Buffer A in acetonitrile 
* 0.1% (v/v) formic acid was added to both buffers for a second run. 
 
However, di-HHA was not found in any fraction (Fig. 106). The LC-MS 










































Figure 106. LC-ESI-QTOF-MS analysis of the HPLC fractions putatively 
containing di-HHA. An aliquot of each HPLC fraction (resource: 0–3, 3–4, 4–4.5, 
4.5–5, 5–10 and 10–15 min) were dried and re-dissolved in 75% acetonitrile, followed 
by being subjected to LC-MS (negative mode) and any fatty acid was chemically 
ionized by 0.1% (v/v) formic acid and 10 mM ammonium formate. Data was analysed 
in negative mode. Here are results of three putatively important fractions from HPLC 
(Fig. 100): (a) 3–4 minute; (b) 4–4.5 minute; (c) 4.5–5 minute. [M – H]- and [M – 
COOH]- adducts were looked for in all the fraction samples, and the more promising 
one was extracted (the bigger chromatograms in all the graphs). A further analysis (the 
smaller spectra in all the graphs) was carried out to confirm the presence of 























Figure 107. Validation of LC-ESI-QTOF-MS methods for analysing fatty acids 
from HPLC fractions. Experimental details as in figure 100 were also applied to the 
external marker, HHA (2 µg). Data was analysed in negative mode, and only [M – H]- 
adduct was found (m/z 271.2277) in the chromatogram (a). A further analysis (b) of 
the peak (a) was carried out. The [M – H]- adduct with its m/z was indicated by (  ) in 








Appendix 7. Expression of pEAQ-GFP in Nicotiana benthamiana 
To check if pEAQ-HT-CD1 (the plasmid with CD1 insert) was infiltrated into 
tobacco and expressed successfully, in parallel with it, the same plasmid but 
with a GFP insert, pEAQ-HT-GFP was also agroinfiltrated into independent 
tobacco leaves. After 5 days post infiltration, the plants containing GFP 
proteins were observed under UV (498 nm) (Fig. 108).  
The fluorescent green in tobacco leaves indicated that the pEAQ-HT plasmid 















Figure 108. Observation of the heterologously expressed pEAQ-HT-GFP in 
tobacco leaves. The tobacco plants agroinfiltrated with pEAQ-HT-GFP constructs 
were grown under than standard conditions for 5 days before the photos were taken. 
Both photos showed the same set of plants, but the lower one was taken under UV498, 
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